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SECTION 1.0- 
SUMMARY 


This report presents the results of an investigation conducted from 
February 1977 to February 1979 of . in-service JT9D engine performance 
deterioration under the NASA JT9D Jet Engine Diagnostics Program.. The 
primary purpose .of this effort .was to generate new data under known, 
conditions to permit a. more accurate definition of JT9D engine 
performance deteri or.ati on trends and levels. The in-service fleet of 32; 
JT9D engines utilized in Pan American's fleet of 74'/ Special 
Performance aircraft was Selected for this purpose. The selection of 
this engine, fleet provided the . opportunity of obtaining engine 
performance data starting before the first flight and continuing 
through initial service such that the trend and levels of engine, 
deterioration related to both short- and long-term deterioration could 
be more careful-ly defined. The performance data collected and analyzed 
included flight, special ground. test using a Plug-In Console (PIC), and 
test stand prerepair and postrepair performance calibrations. The 
results of the analyses of these data wer.e used to: 

0 Refine preliminary models of performance deterioration, 
established in an earlier study conducted, under the. NASA JT9D 
Engine Diagnostics Program by filling in gaps and augmenting, 
previously obtained historical data, 

0 Establish an. understanding of the relationships between ground 
and altitude performance deteri or.ation trends,. 

0 Refine preliminary recommendations concenning means to reduce 
and control deterioration, and _ 

0 Identify areas where -additional effor.t is required to develop 
an understanding of complex deterioration mechanisms. 

The engine performance deterioration levels and trends were primarily 
determined from two data sources. Short-term trends were obtained from 
the analyses Of the Plug-In Console (PIC) test results which closely 
monitored four engines from first flight to beyond 500 (cycles). The 
longer' term deterioration was established from sea level, facility tests 
of engines with 700 to 2100 flight cycles before and after engine 
repair (overhaul). These, data showed that the prerepair performance 
deterioration increased from. 1.0 percent loss in TSFC* at 50 flight 


*■ — Throughout this report, performance values in_Thrust Specific Fuel 
Consumption (TSFC) and Exhaust. Gas Temperature (EGT) are referenced . 
to sea level, static conditions. Engine Condition Monitoring (ECM) 
data in Fuel Flow (Wf). and EGT are referenced to altitude - 
cojKLUions. 
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cycles t;o 3.0 percent at 1000 cycles and .3,8 percent at. ?OO0 cycles. 
The Corresponding increase- In Average EOT was 5 to 33(^0. The- 
pOstrtHialr -perfoniiance.-deteri oration increased frtim 2.1? percent at 1000 
cycles to 2.8 percent' at 2000 cycles. Corresponding increases in EOT 
were ILlo 2 PC . 

Models of performance -deterioration were derived for the fan, low- and 
high-pressure compressor, and. high- and low-pressure turbine modules. 
TJiese models -include both module efficiency and flow capacity changes. 

The TSFC deterioration at 1500 flight cycles as predicted f ran the 
module deterioration models wene: * fan, 0.2 percent; low-preSsure 
compressor, 0.6 percent; high-pressure canpressor, 0.6 percent;* 

high-pressure turbine, 1.2 percent; and low-pressure turbine, 0.8 
percent.- The sunmation of 3.4 percent engine TSFC deterioration is 
slightly below the average JT9D-7A(SP) measured deterioration.- 

The effect of airplane acceplance testing on .early engine perfortnance 
deterioration was evaluated . fran four Sets of data, each, of which, 
compared airpl ane-deli vered engines (which were, flight tested) and 
spare engines (which.were not flight tested). No not i cable differ.enco.s 
in early revenue perfonnance or deterioration trends were observed. 


SECTION 2.0 
INTRODUCTION 


The rapid rise in the cost of oil since the OPEC oil embargo in 1973. 
has. resulted in a national effort to increase the availability of 
domestic oil, develop alternate sources of energy, and develop near- 
and long-term means to reduce fuel consumption. To counteract the 

adverse impact of the world. wide fuel crisis’on the aviation industry, 
NASA has initiated the Aircraft Energy Efficiency (ACEE) program. 
Included in this program are major propulsion .projects which' are- 
addressing both near-term and long-term goals. The long-term activities 
are directed toward developing propulsion technology to reduce fuel 

consumption by at least 12 percent in the late 1980 's and an additional . 
15 percent in the- early 1990's. the near-term activiti.es are a part of 

the En,gi.ne Component Improvement (ECI) Project which ..is directed toward 

improving the fuel consumption of seleoted current high bypass ratio 
turbofan engines and their derivatives by 5 percent over the life of 
these engines. The ECI project is divided into, two subprojects, (1) 
Performance - Improvement and (2) Engine. Diagnostics. Performance 
Improvement, is directed at developing fuel saving component technology 
for existing eagines and their derivatives to be introduced during the 
1980 to 1982 time period. Engine Diagnostics is. directed toward 
identifying and quantifying engine performance losses that occur 'during, 
the engine's service life and developing criteria for minimizing these 
losses. 

The. first phase of~t he. Engine Diagnostics proj.ect was the gathering, 
documentation and analysis Of historical - data. The resulting 
information was used to establish performance -deterioration trends at 
the overall engine and module level, establish probable causes 
contribu.ti.ng to performance deterioration,, and identify areas and/or 
components w-here corrective action could be taken. 

That effort was completed in 1978, and the results are reported in 
Reference 1. The- effort reported in this document was directed toward 
expanding the understanding of engijie deterioration by acquiring new 
in-service engine performance data from a -selected sample . of . JT9D 
engines. This investigation was conducted during, the period from 
February 1977 to February 1979. The main source of data has been the 
Pan American .World Airways JT9D-7A(SP) engines which are installed in 
their, fleet of 747 Special Performance JT9D-7A(SP) aircraft which were 
introduced In Service in March 1976. Data were obtained from 
On-the-wing ground tests using expanded engine instrumentation, 
prerepair and poltrOpair test stand data, and. in-flight cockp.it 
monitored data. 


3 


The data analyzed from these sources was then used to fill In and . 
rOfine the analytical deterioration models for the engi ne and eno inp 
modules established from the. earlier effort. 

These refinements to the preliminary deterioration models considered, 
in particular, first, the results of the- analysis effort of these 
studies, and then the- models de.vel oped during the previous historical 
studies. It also considers the results of the short-term service engine 
test, as reported in. Reference 2. . 

The following sections of this report describe the data collection and 
analytical effort, the results of the analysis, deterioration model 
refinements, recommendations, and conclus.ions. Supporting documentation 
is included in Appendices A through F. 


SEC-tlON 3.0 

DATA COLLECTION AND ANALYSIS METHODOlOOIES 


3.1 DATA COLLECTION- - _ 

The .object i ve of ' coll ecti ng performance and repair-type engine data was 
to provide an insight, into tbe_. trends and . levels of perfonnance 
deterioration with usage. 

Engine performance data were collected on 32 Pan American JT9D-7A(SP) 
ranging from zero to more than 2000 engine flight . cycles. These- 
perf ormance - data along with the pertinent repair data were used to. 
document tlie ■ perfomance. history of each engine. These data -covered 
botlushort- and long-term deterioration. 

The data gathered included the. foil owing:;- 

0 Engine Condition Monitoring. (ECM) Data - These data consisted 
of the basic* cruise fl.ight perfonnance data recorded by the. 
flight crews for. every f 1 ight.. ECM data were gathered for the 
full 32 engine data base, starting fran the- first revenue 
fl ights. . 

0 In-Flight Performance . Cal ibrati ons - These cal ibrations were 

additional, engine- and aircraft flight data.,, recorded 
periodically,, on .specific engines by the Pan American (PA) 
Engineering Staff ..starting with the first flights. 

0 Plug-In Console (PIC) Testing - These tests were a series of 
controlled instal-led-engi ne_ ground tests conducted by Pratt & 
Whitney Aircraft (P&WA) and Pan American personnel with 
expanded instruiientation. The PIC tests were conducted 
concurrently with the in-flight calibrations to achieve 
ground/flJ-gilt .perfonnance canpari sons . 

0 Prerepa.-jr arid . Postrepair Test Cell Testing - A series of 

prerepair and postrepair tests with, expanded instrumentation 
were, conducted by Pah Aitierican in conjunction with repairs of 
the sample engines. Engi ne tear.down and repair data were also 
collected for these engines. 

3.1.1 Engine Condi ti on Monitoring Data 

The Engine Coridition Monitoring (ECM) data for 32- Pan American 
JT9D-7AC.S.P) engines in 747SP airplanes were collected from the first 
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revenue flight (when It was first recorded) through the first engine 
overhaul, or to December 15, 1978 when the data collection was 

completed. 

The ECM data included exhaust gas temperature (EGT), fuel (Wf), 

engine pressure ratio (EPR), lowland high-pressure rotor speeds (N1 
and N2), Mach number (Mn), air temperature, bleed valve position, 
aircraft gross weight, and altitude. The data are recorded by the 
flight xrew on every revenue flight at steady state_cruise conditions. 

The measured data were compared with a set of engine base-line 
performance data, and the changes .or deterioration in exhaust gas 
temperature, fuel flow, and high- and low-pressure rotor speeds at the 
measured engine pressure ratio were determined. These data were plotted 
as.functions of calendar time, and the trends were used by Pan American 
to monitor any changes in engine performance. This collection of. data, 
provided-the data base for establishing 747SP fleet and individu^ 
airplane in-flighf performance deterioration trends.. A sample of ECM 
fUght data relative to the base-line performance is shown in Figure 1. 

3.1.2 In-Flight Performance Calibrations 

In-flight engine performance data were obtained from a series of 
in-fl.ight calibrations performed by Pan American on selected 747SP 
flights. These calibrations, which were conducted concurrently with the 
ground test PJug-In Console program, established: engine initial flight 
performance, short- and medium-term flight performance deterioration 
trends, and. a_. relationship,- between installed flight and ground 
performance. 

The performance calibrations were conducted on each of the four engines 
in two of the Pan American 747SP airplanes starting with the 
flight, the delivery flight, and subsequent revenue flights spaced to 
establish performance trends, dalibrations were made by Pan American 
Engineering personnel - using normal flight deck instrumentation. 
Calibration conditions, were standardi.zed to the extent possible by 
conducting them at steady state cruise condition with the fuel heating 
and anti-icing systems shut oft. One or two calibrations were made at 
altitudes between 35,000 and 41,000 feet. The engi he and airplane 
parameters that were recorded at each .calibration point are listed 
bel ow . 

Pressure Altitude 

Inlet air total temperature |tz- 

Inlet air static temperature 'S2 
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Mach number Mn 

Low-pressure rotor speed N1 

High-pressure rotor speed N2 

High-pressure turbine exhaust gas temp erature EGT 

Fuel -flew ~ Wf 

Engine pressure ratio EPR- 

Number of air-conditioning packs, in use 

Aircraft gross weight _ TOGW 


A calibration consisted. of at least four complete data. point sets where 
EPR on each engine was varied between 1.2 and 1.5. This variation, 
while holding total average thrust constant, was accomplished by 
increasing EPR on the inboard engines and decreasing EPR on the 
outboard engines; after data were recorded at this condition, EPR was 
again varied by decreasing EPR on the inboard engines and increasing. 
EPR on the. outboard engines and repeating the calibration. Steady state 
conditions were established by watching aircraft and engine 
instrumentation until stabilization was achieved before., manually 
recording each set of data points. In addition, a fuel sample was taken 
at the eno of the flight to establish the fuel heating value. . 

The recorded in-flight calibration data and fuel sample were delivered 
to Pratt & Whitney Aircraft and were processed in the same manner as. 
for the ECM data. Changes were noted for exhaust gas temperature., fuel 
flow, and high- and low-pressure rotor- speeds versus engine pressure 
ratio at standard, conditions with the air-conditioaing bleed 
requirement factored out. Table I presents a sample pri nt-out'.' of the 
corrected data which were then used in the subsequent analyses. 


3.1.3 Plug-In Console Testing 

The Plug-In Console (PIC) system was developed and operationally 
checked out by. Pratt &. Whitney Aircraft as a quick and accurate system 
for measuring on-wijig installed engine performance. A series of PIC 
tests, conducted by Pratt &. Whitney Aircraft personnel, were performed 
on two. engines_of two Pan American 747SP aircraft. The first PIC tests 
were conducted prior to the first flight of each aircraft. The data 
from PIC tests combined with in-flight calibration tests were used to 
establish the initial and “arly engine performance deterioration. 

This PIC system provided high quality data on 15 engine performance 
parameters. With the-exception of engine thrust, the PIC system records 
all test data that were normally obtained in an engine test stand. The 
engine performance parameters obtained are shown in Table II. 


8 


TABLE I 


SAMPLE PRINT.^UT OF IN-FLIGHT CALIBRATION CORRECTED DATA 


CORRECTED 


FUQHT 

CONDITIONS 


1 


1 


RECORDED 
DATA CORRECTED 
TO STANDARD 

CONDITIONS -- reference 

i PERFORMANCE 

ST»7 FtgPT f 


AIR-CONDITIONING 
CABIN BEED 
CORRECTION 

L_ 


A PERFORMANCE 
RELATIVE TO 
REFERENCE . 


A/C . 


AtK 

FLT 



CONVIKStm TO SEA LEVEL 

NO« 

OATI 

T6WA 

LVl 

HACH 

8M . 

OF Nl 42 EOT . 

TSTI-l 

-2 

-3 

•4 

6/ T 

-19.0 

394 

0.647 

1.371 

1.379 

1.364 

l.)42 

17126. 96 .4 -94. 3 1089. . 
17011. 99.4 94.2 104 
17115* 96*0 93.8 1084. 
17040. 94.0 93.9 1086. . 

lilt 

•- 

4/ ? 

-19.0 

3S4 

0.866 

1.379 

1.300 

1.146 

1.344 

17144. 94.4 94.3 10«>0 . » 
X70S9. 99.5 94.2 1084. 
17131. 99.9 93.7 1085. 
17074. ,96.0 93.3 1084. 

UTK-l 
-2 
-3 
-4 ■ 

6/-7 

-24.0 

397 

0.613 

1.346 

1.347 
1.349 
1.349 

14344. 99.9 94.0 1077. 
14241. 94.2 4A.0 1071. 
16617. 99.3 93.8 1077. 
14449. 99.1 93.0 -1077. 

TSTf-l 
-4 
•2 
•3 » 

6/ T 

.-24.0 

39Z 

0.619 

1.347 

1.347 

l.HO 

1.391 

14412. 99.3 93.9 1077. 
14474. 95.2 93.0 1078.^ 
16349. 94.3 93.9 1071. 
14709. 45,4 93.7 1077. 

1 1 1 T 

6/ 7 

-24.0 

397 

0.816 

1.344 

1.348 

1.390 

1.344 

14378. 95.4 94.0 1077. . 
16284. .94.3 94.0 1071. > 
16674. 99.4 93.7 1077. 
16471. 95.1 93.0 1077. 

T3Ti-l 

-2 

-3 

•4 

6/JT 

-24.0 

397 

0.821 

1.1148 

1.392 

1.392 

1.344 

16340. 99.3 94.1 1079. 
16399. 94.2 94.0 3072. 
16670. 99.4 93.7 1077. 
16442.. 99.1 93.0 1077. 

TSTB-l 

•2 

-3 

•4 

4/ -7 

-14.0 

410 ^.948 

1.37j 

1.379 

1.376 

1.371 

17222. 96.1 94.2 1099. 
I6993. 99.3 94.4 1 099. . 
17757. 96.1 93.9 U03. 
17184 . 95.9 9 3.5 1100. 

TSTI-l 

-2 

•3 

0/ ♦ 

-14.0 

410 

0.849 

1.344 

1.374 

1.373 

l.369^~ 

17185. 96.1 94*2 1098. 
16976 . 99,3 94.3 1095.. 
17433. 96.0 93.9 UOl. 
17169. .95*0 .93.9 1099. 

T$n-i 

-2 

-3 

-4 

4/ f 

-32 .O- 

430 

0.892 

1.509 

1.203 

1.201 

1.468 

20298.101.1 99.7 1169. 
13702. .90*4 91.8 1009. 
14117. 91.5 92.2 1029. 
20U7.100.0 94.6 1164, ^ 

TSTI-l 

-2 

-3 

-4 

4A-4 

-32.0 

^30 

. 0.891 

1.221 

1.911 

1.513 

1.218 

14307. 92.2 92.2 1033. 
20061.100.0 95.8-1196. . 
20964.100.8 95.3 1169.^ 
14263* 9U9 91.6 1033... 


INSTtkien MS 6CNCMTQK tltCO COKKeCTtCM REVIATICtt . 


FP 

HI 

N2 

E«T 

FF 

M H2 

EOT- 


HI 

N2 

EOT 

17434. 

94.6 

93,0 

1097. 

-131. 

0*0 0.4 

-5. 

-1.0 

1.7 

0.9 

-3. 

17986. 

94.8 

93,2 

1100. 

-132. 

0*0 0.4 

-9. 

-2.4 

0.9 

0.6 

-n. 

XT340. 

94.4 

93.0 

1095. 

-130. 

0.0 0.4 

-9, 

-0*4 

1.6 

0.4 

-6* 

17264. 

94.3 

92.9 

1094. 

•^129. 

0.0 0.4 

-9. 

-0.4 

1.7 

0.1 

-2. 

17916. 

94.7 

•3.1 

1098. 

-131. 

0.0 0.4 

-5. 

. -1.2 

1.6 

0,8 

-3. 

176X0. 

94.9 

93.2 

1100. 

-132. 

0*0 0.4 

-9. 

-2.2 

0.4 

0.6 

-10. 

17383. 

94,5 

93.0 

1094. 

-130. 

0.0 0.4 

-5. 

-0.6 

1.4 

0.3 

-5, 

17307. 

94,4 

93.0 

1095. 

-130. 

0*0 0.4 

-9. 

-51.4 

t.4 

0.0 

-3. 

16961. 

93,8 

92.6 

1089. 

-127, 

0.0 0.4 

—6..^ 

-2.6 

1*4 

4.0 

-7, 

16980. 

.93,8 

•2.6 4090.- 

-127, 

0.0 0.4 

-9. 

--3 .4 

0.3 

0.9 

-11» 

17018. 

93.9 

92.6 

1090. 

-128. 

0.0 0.4 

-9. 

-1.4 

1.3 

0.7 

-ft. 

16942. 

93*8 

-92.6 

1089. 

-127. 

0.0 0.4 

-9, 

-2.2 

1*2 

0.0. 

-T. 

16994* 

93.9 

92.6 

1090. 

-127. 

-0*0 -0*4 

-9. 

—2.6 - 

1.4 

0.8 

-e. 

16994. 

93.9 

92.6 

1090. 

-127. 

0.0 0.4 

..5, 

-2.2 

1*3 

0.0 

-7 

17091. 

94.0 

92.7 

1091. 

-128. 

0*0 0.4 

-9* 

-3.2 

0.3 

0.8 

•If.. 

17070. 

94.0 

92.7 

1091. . 

-128. 

0.0 ^,4. 

-5. 

--1,2^ .4. 

^0.4 

-.0, 

16966. 

93,8 

92.6 

1089. 

-127. 

0.0 0.4 

-9. 

-2.4 


0.9 

-7. 

17006. 

93,9 

92.6 

1090. 

-128. 

0.0 0.4 

-9. 

-3.4 ~ 

0.4 

0,9 


17044. 

93.9 

92.7 

1091, 

-128. 

0.0 0.4 

-5. 

-1.4 

1.4 

0.4 


16929. 

93.8 

92.6 

1089, 

-127. 

0*0 0.4 

-5* 


1.3 

0.0 

-7. 

16999. 

J»3.9 

92 .6 

1090. 

-127. 

0*0 0.4 

—5, 

-2.8 

1.9 

!.D 


17075. 

94, (T 92.7 

1091, 

-128. 

-0.0 0.4.^5.^ -3.4 

0.? 

0.9 

*14. 

17075. 

94,0 

92.7 

1091. 

-128. 

0.0 0.4 


-1.6 

1.3 

0.9 

-9, 

16961. 

9.3.8 

92.6 

1089. 

-127. 

0.0 0,4 .-5,^ 

- -2.2 

1.2 

0.0 

-7. 

17740. 

94,7 

93.1 

1108. 

-133* 

0.0 0.5 

-5. 

-2.0 

£.3 

0,4 


1 7740 . 

94,7 

•3.1 

1108. 

-133. 

0.0 0.9 '— *• 

--3,4 

0.5 

0.8 

-M, 

17798. 

94,8 

•3,1 

1108. 

-133. 

0*0 0*9 

-9. 

0.6 

1.3 

0,3 

0. 

17469. 

94,6 

93.0 

1107. 

-132. 

0.0 0.9 

-5. 

-i.a- 

1.2 

0,0 

-1. 

17552. 

94,4 

•2.9 

1105. 

-132. 

0.0 0*9 

-9, 

-1.2 

1 o6 

0.7 

-1 • 

17702. 

94.7 

•3.x 

U07. . 

-133. 

0,0 0,5 

-5, 

-3.2 

0.5 

0.7 


17683. 

9A.6 

•3.! 

1107, 

-133. 

0.0 0*9 

-5, 

H)*4 

1.3 

0.3 

0* 

17608. 

..94,9 

-93.0 

1106. 

-132. 

0.0 0.9 

-9. 

-1.6 

J .2 

0.0 

-1 . 

20544. 

98,7 

•4.2 

1199. 

0. 

0*0 0.8 

0. 

-1 ,2 

2*3 

0.4 

t'. 

14995, 

89, 1 

90*8 

1054.- 

0* 

0.0 0.8 

0. 

-9.8- 

•1.2 

0.2 

-45, 

14917. 

89,0 

90.7 

1054. 

0. 

0.0 0,8 

0. 

-?.6 

2.4 

0*6 


•20175. 

9ft.? 

-94.1 

1153. 

0. 

0.0 0.8 

0. 

---0.2 

1.8 

-0.3. 

11* 

14896. 

89,7 

91.0 

1060. 

0. 

0.0 0.9 

0. 

-3.8 

2,4— 0.3 

-27. 

20684. 

• 8.9 

•4.3 

U61. 

0. 

0*0 0*4 

0. 

-3vO 

1.1 

0.6 

• -i. 

20731. 

98.9 

94.3 

U62, 

0. 

0.0 0.8 

0. 

-0,8 

1.8 

0.2 


14839. 

69.6 

90.9 

1059. 

0. 

0.0 0.8 

0* 

-J.ft 

1.8 

-0.1 



TABLE II 

ENGINE PERFORMANCE PARAMETERS RECORDED BY THE-PLUG-IN-CONSOLE SYSTEM 


Temperatures 

Pressures 

Other 

T amb 

P amb 

N1 

Tt3 

Ps3 

N2 

Tt4 __ 

Pt3 

Fuel Flow.. 

Tt6 avg. 

Ps4 

Vane Angle 

Tt6 indiv. (6) 

Ps5 

Tt7 avg. 

Tt7 indiv. (6) . 

Pt7 . 


5 

6 

4 


15 Total Data Parameters 


The PIC system is schematically shown in FJ^ure 2. The. system 
consisted of: _ 

0 an engine, interface harness., including electrical cables and 
tubing to the pressure triansducers; 

0- a modified trim mast to guide cables and tubing through the 
fan stream; 

0 . a temperature-controlled pressure tnansducer box;. 

0 a data recording_s.ysjem (data logger);, and 

0 a Hewlett Packard 9825 minicomputer for reducing the data to 

engineering units, applying standard day„ corrections, and 
calculating preliminary module performance. 

The installation of the interface harness is shown on Figure 3. The 
trim mast, transducer box, and leads into the cabin, are shown on 

Figure 4. The recording system, and, Mni computer on board the aircraft 
are shown on Figure. 5. 

D.uring the PIC ' testing, all corrected parameters were calculated by 

the minicomputer and plotted, for -data validation and compared with 
data from previous tests.. Figures 6 and .7 show a typical. data print 
and plots prep ared during a PIC test. 



Figure 2 Location of Major Components of "the. Plug-In Console System -- 
The instrumentation lines are. connected via the modified trim 
mast to the transducer box or. directly to aircraft to. the 
special data recording system located, inside the aircraft. 



Figure 3 Installation of the PIC System Instrumentation Harness. - The 
instrunentation harness was installed prior to each test. 
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f 

Figure 7 Typical Plot of On-Wing PIC Callbratloa of JT9D-7(SP) Engine, 
r-o95745 - Plots Of the data were made to permit comparison 
/ calibrations and to check on data.qualitv. 

Ten sets^of PIC calibrations were made on the Position 1 and 2 engines 

"536PA St«rt1n9 prior to the fir" 
TTT location are listed on Table 

nn P-695745 was removed, repaired^ and reinstalled 

JHnK ^jfTerent airplane prior to the last test. Six sets of PIC 
747 Sp’"jrriiano®MK'» 7 D? on tte Positlon 1 and 2 engines on Pan American 
on Tab*e^IV*^^ The dates, engine age, and locations are listed 
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TABLE III 


•7/.-,^^ t'HRONOLOGY OF ON-WING PIC TESTING 
747SP AIRPLANE N536PA; ENGINES P-695743 AND P-695745 


Date 

Engine 

Hours 

Cycles 

Test Location 

4- 21-77 

5- 09-77 
5-16-77 

-743, -745 
-743, -745 
-743,. -745 

0 

18 

no 

0 

11 

19 

- Boeing - Seattle 
JFK - NY 
JFK - NY 

5-19-77 
6.-20-77 ■ 
7-18-77 

-743, -745 
-743,-745 
-743,-745 

155 

614 

1021 

23 

91 

133 

JFK - NY 

JFK - NY 

JFK - NY 

11-02-77- 

U-02-77 

-743 - 
-745 

1081 

2486 

141 

365 

SFO 
SFO . 

2-11-78 

2-11-89 

-743 

-745 

2473 

3878 

360 

584 

JFK - NY 
JFK - NY 

4-13-78 

4-13-78 

-743 

-745- 

3415 

4820 

475 

700 

SFO 
SFO . 

12-04-78 

-Z43 

6903 

1078 

- - UX 


TABLE IV 


Z-47SP 

CHRONOLOGY OF 
AIRPLANE N537PA; 

ON-WING- PIC TESTING 
ENGINES P-6S5760 AND 

P-695763 

Date - 

Hours 

Cycles 

Test Location 

5- 04-78 

6- 07-78 
6-27-78- 

0 

52 

297 

0 

15 

64 

TBC 
TBC 
SFO . 

7-20-78 

11-05-78. 

1-04 -Z9 

- 609 

2224 . 
3165 

no 

331 
- 510 

LAX 

JFK - MY 
— ^SFO 


3.1.4- test Stand testing 


Prerfepair and postrepair testing with expanded test, instrunentation 
was conducted on JT9D-7A(SP) engines, from the Pan American 747 SP . 
fleet, as they came. into the overhaul -shop for repair.^ These tests, . 
for the most part, were conducted by Pan American at 
Kennedy maintenance center. However, for those engines which were 
repaired by Pratt & Whitney Aircraft, the tests were conducted at the 
P&WA Middletown test-faci-lity. . 


The. engines were -tested in a partial Quick Engine Change (QEC) 

configuration with be! Imouth-type inlets, flight nacelles and nozzles. 
Test data were . taken at stabilized steady state operating conditions 
at a minimim-of fJve power settings between take-off power and ixlle. _ 


The expanded instrumentation installed for these tests permitted the 
recording of the parameter d_ata listed belcw at each engine operating 
conditi on:' 


Bell mouth, inlet total pressure 

Low-pressure, compressor discharge total temperature 
Low-pressure compressor discharge static pressure - 
Low-pressure compressor discharge total pressure 
High-pressure com pr es s or di .schar ,ge total temperature 


Pt2 

Tt3 

Ps3c — 

Pt3c 

Tt4 


Burner static pressure 

High-pressure turbine inlet static pressure 
High-pressure turbine exhaust gas temperature, average 
High-pressure turbine exhaust gas temperature-, 6 points 
Low--pressure turbi.ne exhaust gas temperature, 7, points 


Ps4 

Ps5 

Tt6 

Tt6 

Tt7 


Low-pressure turbine-exhaust gas temperature,, average_ 
Low-s-pressure. turbi ne exhaust total pressure 
Net thrust -. _ . 

Fuel flow 

Low-pressure rotor, speed 


Tt7 

Pt7 

Fn 

Wf 

N1 


High-pressure rotor speed 

Variable, stator vane bell crank angle 

Barometric pressure 

Dry bul-b temperature 

Wet. bulb temperature - 


N2 

P bar _ 
T. db 
T wb 


Test -Stand. pressure depression, front 
Test stand pressure depression,, rear 


P cdf 
P cdr 
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Test data were recorded arid transmitted to Pratt & Whitney Air^craft 
for reduction and prel iniiriary analysis. Adjustments were required to. 
correct the- test data from partial QEC engines in both Pan American 
and Pratt & Whitney Aircraft test stands to permit comparisons with . 
test data from original production bare engines in the P&WA test - 
stands. Data processing flow is illustrated in Figure 8. 



post-rtpair 
log sHtat 



Niw tniina data 

from production 

ongino 
data da$i 




Koypuncit 

t-- 

/ 

Edit " 


Stored on 
computir tilo 



Exocutid on 
data reduction — 
program: 

• 0, etc corrections 

• Prissure ratios 

• Test cell corrections 
create plot file 




1 Check computer draem 

curves 

2 Read curves at 

EPR = const. 

3 Input const. EPR 

parameters Into 
module performance 
analysis program 

4 Run program, verify 

reasonableness of results 




Figure 8 Data. Processing Flow for Prerepair.~and Postrepai r arest Stand 
Testing - The steps in pracessing test cell data from test 
log sheets through preliminary module analysis are , shown 
schematically. 

Ten sets of prerepair- and postrepair tests,, two prerepair-onTy tests,, 
and 12 postrepair-only tests were conducted on 19 l JT9D-7A(SP) engines. 
Table- V presents a list of these engines with their removal dates, 
engine ages in hours and flight cycles, te^t dates, and test 
locations. The table also lists the engine prerepair and postrepalr 
changes in TSFC and EGT relative to the new engine acceptance test, 
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based on the analysis of ' the test data where both prerepair and 
postrepair tests were completed. The corrected test data, along with 
the engine teardown and repair Uii'id data (Section 3.3), were then 
used as Input to the deta11ed_top-down analysis (Section 3.4.2). 

3.2 PAN AMERICAN TEST . STAND INSTRUMEITTATION AND TEST DATA 

UNCERTAINTIES. 

3. 2. 1 Expanded Instrumentation 

The Pan American -test stand Incorporates visual Instrumentation, and 
data was visually, acquired and recorded on engine test log sheets by 
the test stand crew. The parameters normally recorded were” 1 Imited to. 
those required for production engine performance testing and by the 
physical dimensions of the instrumentation console. For this program, 
additional Instrunentatlon was Installed In the test stand and control 
room for the additional engine parameters required. The chromel-alumel 
temperature system was expanded to Include one Tt3, one Tt4, and seven 
Tt7 readings. All of these temperatures were recorded on the existing 
Doric Model 400 Indicator via ten-channel select switches. Provisions, 
were also made to record eight bellmouth Pt2 and two cell static, 
pressure readings on U-tube manometers with a 30 Inches of water 
capability that were already available on the Pan American test stand. 

3.2.2 Test Stand Instrumentation Calibrations 

The performance instrumentation on the Pan American test stand was 
calibrated In-place by the Pan Am Instrumentation personnel. The 
normal cal ibratlofi interval for the majority of the instrumentation is 
SIX months. However, the calibration of the test stand instrumentation.- 
was dependent on the engine test requirements so that the actual time 
intervals between calibrations varied. Whenever- possible, Pratt & 
Whitney Aircraft - Instrumentation personnel were present for the 
calibrations. The Instrunentatlon and calibration procedures utilized 
by Pan. American were developed in accordance with the accuracies 
defined by the Pratt iu Whitney Aircraft Test Instruction Sheets 
(T.I.S.). No. special modifications, were made to either the 
Instrunentatioa or to the procedures used in conjunction with this 
program. . 

The-Pan American thrust system (Indicator, cable, and load cell) and 
the fuel_ flow meters were periodically brought to East Hartford for . 
cal Ibratl on In the Pratt. & Whitney. Aircraft Instrumentatioa Standards 
Laboratory,. The master, thrust system was calibrated three times and 
the flew meters- (meter numbers 23275 and 23276) were calibrated twice. 
The results of the flow meter calibrations were compared to the Pan 
American results obtained using, their Cox Instruments Calibrator. The., 
master thrust system calibrations were compared to the . primary 
calibrations performed by the manufacturer (BLH). _ . 
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Detailed discussions of the Pan American test stand calibration 
standards, procedures and results, and. of the thrust system 
calibrations at Pratt & Whitney Aircraft are presented In Appendix D. 


3.2.3 Meas urement Uncertal ntl es of the Pan American Test Stand 
Instrumentation 


There Is a degree of uncertainty In all test stand performance 
measurements which must be considered In the subsequent analysis of 
the recorded performance data. This uncertainty is a function of the 
following; (1) accuracy- of the Installed instrumentation, (2) 
thoroughness and frequency of Instrumentation calibration, and (3) 
accuracy of the reference or master Instruments. A summary of the Pan 
American test stand instrumentation uncertainties Is listed In Table 

Vi* 


TABLE VI. 


SUMMAR.Y OF TOTAL PARAMETER UNCERTAINTIES 


Parameter - 

Pt2, 'cd {% Reading) * 
P breather -(in. HgG) 
Pt7 (in. HgA) 

Pt3 (in. HgA) 

Ps3 (in. HgA) 


Total Uncertainty 

+0.50 

|L.13 

+0,35 

•K).48 

+0.052 


Ps5. (in. HgG) 

Ps4 (in. HgG) 

Barometer (in. HgA) 

Tt3, Tt4, Tt6, Tt7 (OC) 
Tt2 (OF) 


+5.57 

+3.10. 

40.28 

4j5.3 to +13.0 
+2.83 


Thrust (lb) 

Nl. (rp) 

N2 (rp) 

Fuel Flow (5t Reading) 
TSFC (?^) 


+136.- 

+5. 

+T0. 

"jp.46 

+0.55 


*U-tubes employed for eight bell mouth Pt2. pressures 
and one Pcd pressure. 


A detailed discussion of the factors contributing to and the 
derivation of the above data, uncertainties Is presented In Appendix 0. 

3.2.4 Measurement Uncertainties Due To Data Sampling and Engine 

Configuration Differences' 

Analysis of test stand data was subject to other uncertainties In 
addition to the measurement uncertainties associated with the physical, 
measurement hardware and calibration equipment which have just been 
discussed. One major source of this type of uncertainty was sampling 
error. This error referred to. .differences between measured parameters 
and true average parameters resulting from a limited number of 
measurement ^ points in a flow field which had significant 
circumferential/radial profile variations. This uncertainty has been 
particularly noticeable In the. measured values of Tt6 and Tt7 from 
prerepair ■ and postrepair data, where repairs involved burner liner 
replacement. All. of the JT9D-7A(SP) engines for which prerepair and 
postrepair data were available, had burner liners replaced during 
repair, (in most cases by liners of a different design). Comparison of 
prerepair, and postrepair data for these engines showed that while TSFC 
improved as a result, of repairs in nearly all instances, thereby 
inferring reductions In both i’t6 and Tt7, the measured Tt6 and Tt7 
values increased from prerepair to postrepair in several engines.. 
Moreover, Individual . engines were not consistent. In trend, some ■ 
exhibiting increases in Tt6 but decreases in Tt7 as a result, of * 
repair, others with Increasing Tt7 but decreasing Tt6, etc. The . 
conclusion is that the burner liner replacement (and possibly other 
repairs) resulted in a shift in the temperature profiles at both 
locations. Since Tt6 and. Tt7 probes were at different locations both 
circumferentially and radially, a profile shift could result in 
changes in magnitude and/or direction of measured values at the two 
locations (although analysis shows that the average values of the two. 
should change in the same .direction and by nearly the same magnitude). 

As an indication of the magnitude of this uncertainty, differences 
between thermodynamic (the true average value based on fuel flow) and 
measured temperatures of 20 to 30OC or more have been observed for 
individual JT9D-7A (SP) engines, with differences of 10*^0 or more 
common. .In comparison to the Instrunentation accuracies shown In Table . 
VI, It can be seen that the sampling error differences can be_qu1te 
significant. 

Data sampling uncertainties, have also been. observed w1th.Tt3, Pt3, and . 
Tt4, but to a far- lesser extent than with the hot. section _ 
temperatures. As. a result of Tt6 and Tt7 uncertainty, the analysis . 
methodology had to be mod if lea (In most Instances) to disregarad the 
measured values of Tt6 and Tt7. The analysis methodology is discussed . 
In more detail in Section 3.4.2. 
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Ther© was also a minor aroa of hardwaro-relatod uncortainty whoro 
have had retrofit part changes after Introduction Into service 
(P-686 series of JT9D-7A(SP) engines). Production data for such 
engines were adjusted to reflect estimated performance changes 
associated with the part changes. In other words, these engines were 
treated as though they came off the production line In the retrofit 
configuration. These retrofit changes may have removed some part 
deterioration that was present,, thereby making the analyzed 
psrformdnce d6t6riordtion l6ss thdn WaS rsdily th6 cdS6. This wds not 
a significant problem however, since the retrofit was. accomplished on 
most of these engl nos early In their service lives. Another 
uncertainty had to do with production tolerance variations foe. the 
retrofit parts; the data adjustment reflected a nominal part 
configuration. Because of the limited scope of the retrofit changes, 
this was. not believed. to be a serious problem. 

3.2.5 Test Stand Correlations 


It was necessary to. apply corrections to the -Pan American test stand 
data in order to make a direct comparison between engine test 
parameters recorded in Pan American's test stand and parameters 
recorded at Pratt & Whitney Aircraft, during the production test run of - 
a particular engine. Cell-to-cell corrections resulting from 
back-to-back testing (at Pan American and P&WA) of P -6 95 745. were used. 
These corrections represent the most recent back-to-back tests and 
were believed .to be_the best correlation available. 

The uncertainties in airline test stand data analysis were caused 
primarily by hardware differences between the engine configuration as 
tested in the PA stand and in the production configuration. Generally, 
engines in the PA test stand are tested in the partial QEC configura- 
tion. The engine is tested with bellmouth inlet and actual flight 
nacelle rearward of the inlet. For the production test, on the. other 
hand, the engine has a bellmouth inlet and special production nozzles;- 
f^ discharge flow is manifolded and discharged through two long ducts 
with convergent nozzles. QEC’ corrections were used to correct the data 
for differences between the two configurations. However, these 
corrections cannot account for physical jet area, differences between 
different individual flight nozzles and. Individual production nozzles. 
These- differences ■ can. amount to ;f0.5 percent or more In jet area 
because of production tolerances. • Nozzle area - varl atl ons . of thls- 
magniti’de can significantly affect measured gas generator parameter 
and, therefore, the analyzed component, performance changes as .well as 
overall performance loss. 
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3.3 MAINTENANCE DATA COLLECTION 


The "top down" analyses of changes in 

engine and module bases were aided by knowing xne e ^ the 

gas-path conditions, in ®ach modul , wear, changes in 

?erfomance changes. These conditions include airfo i^^w^^^^ 
blade tip-to-sea clearances, and the^ 

aldef^* k^^'win/'wh^'ch1asVh^^^^^^^^^^^^^ were replaced or rebuilt 
anfthe^laldtenslL and clearancas In tha gas path. 

^glrs^lfs tfd^rn’ " .^tte7ra°^a%« 

and 22 postrepair tests. 

s;?«,ar ahs'^:ati oS^“p.wrEng 1 naan 

Datallad Pterapalr tnspactions 

Pan American 747 SP c" 9 ine ■ repair sche^^^^^ 

inspection I'C. P-695745 ^which were repaired at 

included serial numbers P-686060 and P-695^^^ P-686049, 

tha Pratt «■ «h1^ Tha 

tea?dowTlfls'p™ction. of tha diUssamblad modules, Included: 

0 Slade, tip to outer air-seal (OAS) clearances and OAS rub 
depth measurements; 

r ,4..^«n*ic anH <5pals in disassembled modules 
“ ISTuSnr.th? extant“and. typt .of wa^r and distortion; 

0 inspection of. combustor Including wear, distortion, burning, 
and cracking; and 

0 Measurement of sample fan blades fr<xn ^ 

Including surface roughness, w.ear, and distortio . 
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In addition to the prerepair and/or. postrepair test performance data, 
information was_j:ollected for all -maintenance actions including the 
following: 

Engine hours and cycles since the last repair; 

Causes of current and past engine removal s; 

Prior repair history; 

Comments on conditi^on of disassembled modules 

Modules replaced as part jof the overhaul with repair history on 
each repl acement modul e; 

Pjirt replacement and repair on engine; 

G.as.-path measurements and clearances on built-up engine; and . 

Subsequent changes and repairs if initial repair does not achieve 
required performance restoration,. 

The 23 JT9D.-7A(SP) engine repairs which were analyzed during the. 
program are summarized in Appendix C. Information in this appendix 
incl udes: 

Engine removal date, removal cause, who repaired, the engine, and 
the extent of the. repair; 

Prior operating and-repair history; 

Identification of the various modules their operating hours since 
refurbishment, and which were repl ace d during this_cepair; 

Docunentation of improvements in thrust specific fuel consumption 
(TSFC) and exhaust gas temperature -(EGT) resulting from this 
overhaul (for engines which received a prerepair and postrepair 
test); and . 

Sample teardown . and build-up data on. one of these, 23 engine 
repairs. 




3.-4 ANALYSIS TECHNIQUE.S 


3,4,1. Flight Data and Plug-In Console Data 

During this Investigation the flight data included- both Engine 
Condition Monitoring (ECM) data and in-flight perfom an ce 
calibrations. Plug-In Console (PIC) data were obtained from 

on-ithe-wing Gngin6 tGsts at sea level static conditions. These types 
of - dat.a are discussed in .the foil cwi ng paragraphs. 


The ECM data were corrected, to .standard day conditions by a computer 
program. Additional corrections were applied for Reynolds number, Mach 
number, and aircraft service bleed . variations that normally occur in 
revenue service in order to. further normal ize -the data. No corrections 
were made for variation in. fuel . lower heating , value since thrs 
information was. not available. The normalized data were then compared _. 

to a set of generalized engine, gas generator curves and ten-day 
averages of the resulting deltas, were plotted versus cycles for -each 
enginL Since these trends still exhibited erratic variations in. 
engine performance, smoothed curves were drawn of ea^h curve for 
comparison of . all engines. 

The in-flight calibrations taken on two aircraft (serial numbers N^6 
and N537) were.reduced to a usable, form similar to the ECM data. 
However , rather than comparing the data to a set of general ized engi ne 
qas generator curves, each engine's data were compared to that . 
engine's f.lrst in-flight calibration. Gas generator parameter deltas 
were then calculated- at constant engine pressure ratio LEPRJL and 
plotted versus cycles to establish individual engine trends. 

The PIC data taken on-the-wing at sea level . static conditions were 
corrected to standard day conditions with additional correcti.ons 
applied to correct for variations in fuel lower heating valve and 
water content of the air.. An additional correction was made to the 
data taken, at Boeing to account for the apparent presence, of a vortex 
being ingested into the inlet of* the engine. Analysis of the data for 
all four engines involved, in this part of the program exhibited 
improvements in fan and low-pressure compressor performance between _ 
tests at Boeing and subsequent tests elsewhere. These improvements 
were, not expected. Investigation of the manner in which these tests, 
were run revealed that all Boeing tests were conducted with a_screen 
placed in front and partially to the sides, of ’ the- engines to reduce 
the possibility of forei.gn object damage to the engine. Experience at 
Pratt & Whitney Aircraft has indicated that the presence of such a. 
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the engine produced a weak 
and lay-pressure_coVessor S^oTrnlce. tn faj 


the PIC program was^etermlned^rtar^^^ engines followed in 

Test data and -applying corrections on Acceptance 

synthesize the data to an ou^^^ testing to 

data were compared to the ^°"r9uration. These 

Acceptance Test data and on-the-winq w between Production 

generator analysis was performed to^a«occ^^^-3 ® comprehensive gas 

required to close the srs of dafa Performance, chan g®L 

for the subsequent data analysis Parh‘'eI.Kt^®' then removed 
compared to the previous calibration and^^an*^^ was 

Changes- based on. an °analvs?s 

parameter ' changes was made 9^^ generator 

performance losses were olotted vpv'chc a accumulative ~ module 
module and overall ena1nr^;lL7„'?“^?9'''S cycles to establish the 
the reference, base line. l«'-fomwce deterioration trends relative to 


thir rai,“dr’'r°o"ld?d ‘^a^ Ztt Va?a" rase^“‘^’ ^ 

in-flight cal ibrati ons . ^ m the.-same time frame as the 


3 A .2 


± mn Analysis of Prerepa ir and Pnstrepair Test^ 


Refere^e^T mSA Mport^R?l3M48 'Tn ’ hiTt described. In 

sumnarize, this approach use<; rrYnnl^4• historical, data studies. To 

£t£Tht\" s b^ 

par^^lterf reVameTo^'^tte 'bV'" r'"^ 

Standard conditions of^ temoeratnrp "^fn^ • ^^ta,. first, for 

ai rl 1 ne-to-en.gi ne manufacturer Te^i rpi i t^» then for 

corrections . The data wpywT ^®^t- cell differences (t-'-t cpI 

configuration. reUtiJe to differences i‘n tist 

finally, for any retrof nozzles), and 
engine, since the original productim teen made to_the 

“"Jl9urat1on corrections used repres^nr^^^^^^^^ tell and. 

P-695745 engine* correlafinn revisions based on rpcpnt 

bact.to-bacR^eninro)*‘,;':'duc\“?^d^^^^^ 

the analyses was a simulation point foclV^feltrior^ted'^e^i’g^n”! 




listing all the component performance shifts, required to match that 
particular set of data. The approach reduced the Inherent Inaccuracies 
of Influence coefficient techniques that, had traditionally been 
employed In performance deterioration analysis and could not properly 
account for nonlinear sensitivities and component Interaction 

effects. The top. down analysis procedure Is schematically Illustrated 
In Figure 9. 



Figure 9 Flew Diagram for • "Top Down" Analysis - Top down analysis 
begins with measured engine, performance parameter changes and 
utilizes the JT9D. engine simulation to analyze the module 
performance losses-required to match the .performance data. 


In general, the test cell data analysis of JT9D-7A(SP) engine 
performance changes-lncludes measurement of Pt2, Tt2, Pt3, Tt3, Ps4, 
Tt4, Tt6, Pt7., Tt7, Nl, N2, thrust, and fuel flew. In theory, this was 
a sufficient number- of parameters to permit independent determination 
of efficiency and flow capacity for all. five component modules. Table 
VII Illustrates the top down Iteration logic required. It should.be 
pointed out that although the Iteration balances were specified In 
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terms of variable pairs (for example, vary A6 to converge Tt6), the 
final solution Incorporates all variable Interactions. .(1 *6. » effect -of . 
A5 and other flow capacities and efficiencies on Tt6). 


TABLE VII - 

ENGINE SIMULATION IT£RATI0N LOGIC FOR TOP DOWN APPROACH- - 


Observed Parameter Shifts 
Percent Change In Ni . 

Percent Change in N 2 

Percent. Change in Pt3/Pt2 

Percent Change 1n Ps4/Pt7 

Change 1n-J.t3 

Change In Tt4 

Change in Tt6 

Change in Tty 

Percent Change in Fuel Flow 
Percent Change, in Net -Thrust _ 


Component Variable Iterated 

Percent Change in Fan Flow Capacity 

Percent Change, in High-Pressure 
Compressor Flow.Capacity 

Percent Change in Low-Pressure 
Compressor-Flow Capacity 

Percent Change in High-Pressure 
Turbine ..Inlet Area 

Change in Low-Pressure Compressor 
Efficiency 

Change in High-Pressure Compressor 
Efficiency 

Percent Change in . Low-Pressure 
Turbine Inlet Area — 

Change, in. Low-Pressure Turbine 
Efficiency 

Change in . High-Pressure Turbine 
Efficiency 

Change in Fan Efficiency 


In practice, however, because both Tt6 and Tt7 for individual engines 
were subject to significant radial and circumferential, profile effects 
which masked, biased, or- otherwise distorted the true thermodynamic 
averag.e temp_erature at these locations. Therefore, it was generally 
found to be “necessary to "couple" fan efficiency and flow capacity as 
well as low-pressure turbine efficiency and. flow capacity. Table VIII 
shows the modified top down iteration logic requir-ed because of Tt6 and 
Tt7 accuracy limitati ons. This iterat ion logic was used for analysis of 


the test data. The concept Of coupling was- developed in the historical 
data analysis efforts where the number of -parameters measured, was not 
adequate to define the unknowns. Briefly, it involves using a knOwn . 
quantitative relationship between efficiency- and flow capacity change 
for a. -given component, thus, the term "coupling." was used. Generally, 
this relationship - had been. Obtained from component rig testing where 
tip clearance was varied,, or from baCk-to-back testing where modules 
were "swapped." 


TABLE VIII 


MODIFIED FNGINE SIMULATION ITERATION LOGIC USED IN ANALYSIS 


Observed Parameter Shifts 
Percent Change in Nl 

Peixent Change in N 2 

Percent Change in Rt3-^t2,_ 

Percent Change in Ps 4 /Pt 7 


Component Variable Iterated 

-Percent Change in Fan Flow Capacity 
(Coupled to Fan Efficiency) 

Percent Change. • in High-Pressure 

CompressOn-Flow Capacity 

Percent Change in Low-Pressure 

Compressor Flow Capacity 

Percent Change- in High-Pressure 

Turbine Inlet Area 


Change in Tt3 


Change in Tt 4 


Percent Change in Fuel Flow 


Percent Fhange in Net Thrust 


Change in Low-Pressure . Compressor 
Efficiency 

Change in High-Pressure Compressor- 

Efficiency, 

Change in Hi gh-P.ressure Turbine 

Efficiency 

Change ia Low-Pressure- Turbine- 

Efficiency (Coupled to - Lowr 

Pressure Turbine Inlet Area 


The analysis of a single engine test was subject to- uncertainty for 
reasons discussed previously under Section 3.2. Much of the 4 )roblem 
involves tlie inability, of the production instrumentation to measure 
true average conditions as a result . of limited instrumentation 
locations. Shifting profiles as a result of test cell interactions arid 
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part changes during repair served to accentuate this problem. In order 
to minimize error, an integral part of the data analysis methodology 
was to perform both prerepair and postrepair testing whenever possible, 
and obtain records of repairs performed and rebuild clearances, plus 
any available informat ion. on part condition at teardown. 

The procedure then used was to vary the tolerances, or Closure 
accuracy, of the Computed parameters with the test cell data, 
parameters, so that the differences between prerepair and postrepair. 
analyses reflected the known repairs performed. In particular, those 
modules on which no .repair had been performed should have the same 
computed performance levels for both prerepair and postrepair analyses, 
while performance improvements were generally to be 
components which had been repaired or replaced. Except for Tt6 and Tt/, 
the closure tolerances between analysis and the observed data were . 
nearly always well within the instrumentation accuracies disCus5.ed foii_ 
the measured parameters. 

An example of how. the top down analysis was Performed for a par 
engine is shown in Tables. IX through XIV. The JT9D-7A(SP) engine, 
selected for the example is P-695745. The engine history is shown in 
Table IX. Following removal for high exhaust gas temperature^ (E6T), the 
engine was prerepair tested at. Pratt & Whitney Aircraft, and an 
extensive teardown was performed prior to repair. The engine was then 
repaired .and postrepair. tested at. Pratt & Whitney Aircraft. . The engine 
was. then shipped to Pan American and postrepair tested there. The test 
analyzed for this engine is from the prerepair, and postrepair 


data 


tlie results of 


testing at Pratt & Whitney Aircraft. Table . X presents . 

the teardown. inspection foil owing, prerepair testing. F-ati. rub and minor 
foreign object damage (FOO) was observed,, as well as low-pressure 
compressor rub-strip wear, burner distress, and high- pressure turbine 
damage. The top-down analysis, of the prerepair -data is shown m Tab e 
XI. When the simulation was run with all iteration . balances (Table 
VII) there^ was no thermodynamic solution which matched the data with 
acceptable accuracy. . Similarly, when the Tt7 balance was e.liminated 
(low-pressure turbine efficiency iterated On thrust and .fan efficiency, 
coupled to fan flow capacity) there was no thermodynamic- solution. The 
iteration balance on Tt6 had to be eliminated to obtain an analysis. 

closure with the .data, because the measured Tt6 


which. gave acceptable - - 

differed significantly from the true average value. .-The resulting 
analysis showed (1) efficiency and flow capacity losses in the. fan and 
low-pressure compressor, (2) high- pressure.turbine efficiency loss an 
flow capacity increase, and (3) minoii_JiM=.preSSure turbine efficiency 
loss plus flow capacity increase. 

Table- XII Suninarizes repairs performed on the engine. Fan -foreign 
ob ject da mage was blended and the rub strip roplaced-with a different 


30 


TABLE IX 

HISTORY OF OT90r7A(SP) ENGINE P^695.745 . 

0 Installed on aircraft N536PA, pps iti on 11/18/76 
0 Removed for high EGT. 4/20/78 with 484.5..hours and 703 cycles 

0 Returned to P&WA 

0 P rere pair tested 4/29/78 

0 Repaired per JT9D maintenance program instructions 

0 .. Postrepair tested 6/10 - 6/13/78 
0 D elive red to PA 

0 . Postrepair tested 6/19 - 6/20/78 

Installed on aircraft N534PA, position 1, 7/7/78 ^ 


TABLE X 


Fan - 
LPC - 
HPC - 


OBSERVATIONS DURING TEARD0WN-0F„JT9D-7A(SP) ENGINE P-795745 

Light erosion damage. 2 blades _F0D damage. Avg rub depth 
0.Q52". 


Blades and vanes goq^ Rubber _0AS_worn.-JU13 - 0.04 rub 
depth. 3rd stage.. 


Not disassembled. Borescope inspection showed slight feltmetal 
loss 9th stage. No other discrepancies. . 


Combustor - Axial cracking. in vicinity of 3rd louvers.. 

UDT - <:iiaht leading edge blade erosion. Average blade tip erosion 
0.010". Slight twist 2nd stage vanes. Rub and 
1st OAS. Knife edge rubs and microfin damage on.2n(UlAS. A g 
riparance 0.081" 1st Stage: 0.043"- 2nd. stage. 


LPT - 


Not disassembled. No observable damage. 


TABLE XI 


DETAILED RESULTS OF'PREREPAIR "TOP DOWN" ANALYSIS 
JT9D-7A(SP) Engine P-695745 at Sea Level Static 
Take-Off Conditions, EPR = 1.455 - . 


Parameter 


Prerepair Test; 
4-29-78; Rel . to 
Production * 


Engine Simulation 

(Eliminate (Eliminate 
( All Balances) TT7 Balance) TT6 Balance) 


Fn -0,8 

Wf +0.4 

XATSFC : +1.2 

%AHI -0.4 


%AN2. 

+0.07 . 


A Tt3, oc: 

+0.1 

N 

A.Tt4, OC 

-5.3 

0 

A lt 6, oc 

+32.0- 

S 

A Tt7, oc 

+11.0 

0 

%APt3/Pt2 

-0.4 

L 

%APs4/Pt7 

-1,8 

u. 

T.. 

A T? Fan, pts - 


I 

0 

%Ji Fan,,FC“ 
A T? LPC, pts 


N 


N 

0 

S 

0 „ 
L- 
U 
T 
I 
0 
N 


% A LPC, FC“ 
A n HPC, pts 
A V HPT, pts 

% A .A5 

A T?- LPT, pts 
A A6 . 


♦Adjusted to remove smoke probe and for +1% PT3/PT2 profile 


TABLE XII 

SUMMARY OF REPAIRS ON JT9D-7A(SP) ENGINE P-695745 


Module 

Eim 

LPC ■ 

0.-0671', 3rd 0.032", 
HPC 

Combustor =_Rep1 ace 
HPT 

honeycombs .. 
stage 0.0675". 
stage 0.041". 


Repair Performed 

OAS replaced with axial skewed. 
groove configuration. Repair FOD. 
Avg clearance 0.138'i.. 

New OAS. Avg. Clearances - 2nd 

4th 0.043i 


No repair. 


wi th mod 2 1 i ners . 


New 1st stage blades and 2nd stage 
vanes. Replace 2 - - --2nd stage 
blades . 

Rebuild 2nd OAS- segments with _new 
Avg clearance - 1st 
- 2nd 


LPT 


No repair 


II. I I . 




table XIII 


Postrepalr Test: 

6-13-78; ReT. 

Pa r . anieter to Production (All Balances) 


%AFn 
%AWf 
%ATSFC 
%AN1. 

%AN2 

A Tt3, oc ; 
A Tt4, oc . 
A TT6.,Ox_ 

A Tt7 

%APt3/Pt2 

%APs4/Pt7 


A t? Fan, pts 
% A Fan FC 
A V LPC, pts 

% A LPC, FC 
A n HPC, pts 
^ HPT, pts 

% A- A5 

^ ^ LPT, pts 
% A A6. 


-0.7 

-0.5 

+ 0.2 

-0.4 

•H).8 

-0.5 

-13.0 

+16.0.. 
- 1.1 . 
-1.5 


Engine Simulation 

Tt7 (ElimlnateTtb 

It 7 Balance^ m Balance) & Tt7 Balance 1 


N 

0 

s: 

0 - 

L 

u 

T 

I 

0 

N 


-0.3 

-0.7 

-0.3 

-0.4 

+ 0.8 
-0.4. 
- 0. 3 

-9.7 

-6.9. 
- 1.0 
- 1.6 


+0.06 

+ 0.1 

- 0.2 

+0.9 

+ 2 . 0 . 

+2.5 

-0.4. 

+ 2.0 


-0.7 

-0.5 

+ 0.2 

-0.4. 

+ 0.8 

- 0.8 

- 2.2 

+2.7 

+16.0 . 
- 1.1 
-1.5’ 


+ 6.0 

+ 0.1 

-0..5 

- 0.8 

■ 1.0 

+ 0 . 6 .. 

-2.9 

+2.3 


-0.9 

-0.3 

+ 0.6 

-0.3 

+ 0.8 

- 0.2 

- 1.0 

- 2.2 

+ 1.1 

- 1.1 

- 1.2 


- 0.2 

-0.3 


♦Adjusted to remove smoke probe and for +1% Pt3/Pt2 profile. 


+ 1.2 

’+1.5 


TABLE XIV 


C0MPARI5UN. OF PREREPAIR-TO-POSTREPAIR MODULE PERFORMANCE IMPR13VEMENTS 

JT9D-7A(SP) Engine P-695745 - 


Change in Module 
Perf ormance 


Module 

Repair Performed 

Pts 

% FC 

Fan 

New OAS (axial skewed groove); repair FDD 

+0.1 _ 

■fO.l 

LPC 

New.OAS 

+0.2 

_ +0. 32 

HPC 

None. 

- — 

- - - 

Combustor 

-Replace Mod 5 liners w.ith Mod 2 _ 

_ 

— 

HPT 

New 1st stage blades and 2nd stage vanes. 
Rebuild 2nd OAS 

+0.9_ . 

^0.2 

LPT 

None 

+0.2. 



(Burner, profile) 

type. Low-pressure compressor outer airseals were replaced, the Mod. 5 
combustor liners replaced with Mod. 2, and the high-pressure turbine was. 
rebuilt. No repairs wer e performed to the high-pressure compressor or. the 
low-pressure turbine. The analysis of the postrepair -test data is shown 
in Table XIII.. When . all iteration balances are used, there was again no. 
solution to the data with acceptable accuracy. If the Tt7 balance was 
eliminated, there was a. sol uti on as shown. However the solution was not 
believable since inspection of. high-pressure turbijie build clearances 
indicates that efficiency could be at most 0.1 to 0.2 points better than 
production levels. Also, a 1 owr-pressure. compressor, flow capacity that was 
significantly better than new was not credible. When the Tt6. iteration 
balance^ was eliminated, there was an approximate solution, but the 
performance levels Of the-fan and low-pressure, turbine are not believable 
(fan much better than new, and low- pressure turbine considerably worse, 
than prerepair, even though no repairs were performed on that module). In 
order to obtain an acceptable analysis of this data, both the Tt6 and Tt7 
balances had to be eliminated, and the fan efficiency had to be coupled 
to its flw capacity as previously described. In other words, 
circumferenti al/radial profile, changes have masked the true- average 
values, of both Tt6. and Tt7 in the postrepair data. The resulting final 
an al ys i s is s how n in the r i gh t hand ..,co l,um n , The .. fan s til. 1 showed., mi nor .. 
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losses, but lew-pressure compressor performance had been improved to the 
original level. High-pressure turbine efficiency had been recovereci, but - 
some flew capacity increase was still shown (a portion of this increase, 
was due to decreased burner pressure loss, as described below). A minor 
improvement in lew-pressure turbine efficiency was noted relative to. 
prerepair; this improvement was explainable in terms of the burner -change 
from Mod. 5. to Mod. 2 (shifted radial temperature prof ile inward, which 
resulted in tighter low-pressure turbine clearances). It should be noted 
that- there was. a minor improvement in burner pressure loss associated 
with this change also. In this analysis, and those which follow, any 
change in burner- pressure loss has been combined with the -predicted 
high- pressure turbine flow capacity change as indicated above. Table XIV. 

summarizes by module the repairs performed, together with the analyzed 

prerepair and postrepair performance changes. Good agreement between the 
two is shown. The analyses were felt to be credible because they . show, 
good agreement with observed part condition and repairs ■ performed, even 
though some data parameters had to be rejected (Tt6 prerepair, Tt6 and. 
Tt7 postrepair). In general, neither Tt6 nor Tt7 could be used for most, 
of the prerepair and postrepair - analyses performed. In a few cases,, 
low-pressure compressor efficiency and flow capacity, were coupled (drop 
Tt3 balance), because of profile effects at Stati on 3. 
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SECTION 4.0 

RESULTS AND DISCUSSIONS 


This section of the report has two primary parts: overall engine 
performance deterioration, and engine module performance deterioration. 
The deterioration, data were obtained and analyzed over the period from 
February 1977 to February 1979. Overall engine, performance 

deterioration was acquired .from four sources which are described in 
detail in Section 3.0, Data Acquisition and Analysis Methodology. These 
sources were Engine Condition Monitoring (ECM), In-Flight Calibration, 
Prerepair and Postrepair Tests, and Plug-In Console (PIC). Tests. Engine 
module performance was analyzed from only the Prerepair and Postrepair 
Tests and the PIC Tests inasmuch as the other data sources did not 
include -the instrumentation necessary to determine module performance.. 
Each of the sources of data covered a range of engine cycles and times. 
Table XV sunmarizes the engine cycles/times associated with the data 
from each source. 


TABLE XV 

SUMMARY OF ENGINE CYCLES/TIME 
FOR EACH SOURCE OF PERFORMANCE. DATA 


Data Source 


Cycles 


Approx. Range of 


Time (hours) ~ 


Engine Condition Monitoring 
In-Flight Calibration 
Prerepair and Postrepair-Tests 
Plug-In„Console Tests 


25 - 2300 
10 - 1000 
700 -- 2100- 
1 - 1000 


100 -12000 
20 - 6900. 
4800 - 12000 
0 - 6900 


4.1 OVERALL ENGINE PERFORMANCE DETERIORATION RESULTS 

The presentation of the overall, engine performance deteriontion results 
are, in. general., given, in the Order of data quality. The ECM and 
In-Flight Calibration data results are presented . first because the -data 
were subject to scatter -and variations which precluded any substantive 
conclusions. Then the Prerepair and Postrepair and PIC. Test -data, the 
quality, of whichJs consi.deced very good, are presented. 

4.1.1 Engine-Condition Monitoring Data 

A detailed description- of the methods and procedures for obtaining the 
ECM data iS given in Section 3.0. As described in this section, ECM 
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data for an individual engine required statistical treatment of the 
data in order that parameter plots, such as fuel flow or. E6T versus 
engine flight cycles, yield reasonably smooth. trend variations. Even 
then, parameter -variations with, engine cycles is somewhat erratic as. 
shown in Figures 10 and 11. where the changes in fuel flow (Wf) in 
percent and the changes in exhaust gas temperature (EGT) in..0C are., 
plotted as functions of engine flight' cycles for the 32 747(SP) engines 
studied and tested during this investigation. The base-line, or zero, 
value represents the JT9D-7A engine gas. generator, values obtained. .from 
the Boeing Performance Engineers Manual. 


8 r 



200 400 600 800 - 1000 1200 1400 1600 1800 

Flight cycles 


Figure 10 ECM Plot of Change in Fuel Flow .with Usage - Data . from 32 
Pan American. JT9D-7A(SP) engines, through the- first removal 
results, in a relatively constant average fuel flow to about 
750 cycles (average does not include the last four .engines) . 


Dashed lines, representing the average values are. shown on these two- 
figures. These average values, show a 1.3 percent and. a 2QOC increase 
in fuel flow -and exhaust gas temperature, respectively, over the first 
1500 cycles (approximately two years) for* this particular group of 
JT9D-7A engines. 

Some of the variations shown in Figure 10 and 11 are believed to result 
from instrument error and nonuniform extraction of engine bleed air 
among the engines. (A discussion of Uie nonuniform extraction of .engine 
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b1e6d U given in Appendix A.) Averaging the results from each- 
airplane, which attenuates these Individual engine effects, yields the 
results presented in. Figures 12 and. 13 where fuel, flow change in 
percent, and .exhaust gas temperature -change in. oc 'are plotted as 
functions of engine flight cycles. The reason for the distinct, levels, 
which for example shows airplanes N531, 532, 534, and 658 grouped 
together, is that changes in the engine configurations over the period 
of airplane delivery, had different levels of performance. In .addition, 
the i.nstallation of a Control Differential Transformer (that is, CDX) 
unit, which, caused the indicated engine, pressure ratio (EPR) setting at. 
which fuel flow rate was being measured to be greater than the actual 
EPR, has the effect of reducing the. measured fuel flow and exhaust gas 
temperature. The fewer flight ..cycles for airplanes N531 and N532 ar£. 
associated .with the time when the engines were removed for their first 
shop visit. 



Flight cycles- 

Figure 11 ECM Plot, of Change in. EGT w±h Usage. --Data from 32 Pan 
American JTDD'-ZACSP) engines- through the first removal 
results, in. a slowly increasing average EGT to about 1000 
cycles (average does not-lncliide the last four engines) 


Only data for 28 engines .(seven airplanes) _are shewn in these figures 
because the other, four jengines. had too few flight cycles to. be 
representative. 

One factor which is- often thought to have an effect on engine 
deterioration is the effect of engine location (position) on. the 
airplane. An -example of the- data examined to see if such an effect were 
prevalen t is shown in Figures 14 and 15 where changes in fuel flow and 
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exhaust gas. temperature are plotted as functions of engine flight 
cycles for each engine on one aircraft. These and similar data, 
(starting at 25 flight cycles and above) did not show any discernible 
differences In performance deterioration effects between Inboard 
(positions 2 and 3) and outboard (positions 1 and 4) engines. 



Figure 12 747SP Airplane Average Wf Performance Deterioration Trends . 

Based on ECM Data - The four-engine average change in. fuel 

flow as a function of usage shows little change at constant 
EPR between 100 and 1000 flights; the later configuration 
engines in airplanes N536PA and . -N537PA show better 

performance.— 

Another situation, which could contribute to_ different engine 

deterioration levels, is whether the engine is installed on the 
aircraft prior to aircraft acceptance tests or as a spare engine. at the 
beginning or during revenue service. Discussions of the engine 
deterioration problem have led to the hypothesis that aircraft 
acceptance tests might have a significant impact on initial (or 
short-term) performance deterioration. The reason for this is that the 
acceptance tests are generally believed to be more-severe than normal 
revenue service. The.ideal approach would have been to compare a large 
data sample of spare and aircraft-delivered engines of the same engine 
model, operating in the same aircraft, and. flying the same flight 
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cycles. Since -such a data sample did not exist, the following two 
approaches were used. to best, compare the available, data. In the first 
approach, the three comparisibns shown in Table.XVI were made. 



Figure 13 747SP Airplane Average EGT Performance Deterioration .Trends 
Based on ECM Data - The four-engine average change in EGT as 
a function of usage shows similar trends for the airplanes 
used in the study. 

In each of these cases, the spare engines were operated in the same 
aircraft, thus on the same route structure as the aircraft- delivered, 
engines. Comparable ECM performance data (changes in fuel flow and 
exhaust . gas temperature) from the earlier recorded revenue flight data 
out to the 800th .engine flight cycle were plotted. In all cases, the 
data were from the first engine installation and prior ta-.any repair. 

Comparative plots of changes in fuel flow and exhaust gas temperature 
versus flight cycles for the three individual airline comparisons are 
Shown in Figures 16, 17, and 18. The aircraft-del ivered engine data are 
plotted as solid lines and the spare engine data as dashed lines. As 
with, the data of the Pan American 747SP fleet presented in. Figures 10 
and 11, these data shown wide variations in performance levels and 
trends.. The South African Airways and Iraqi Airlines data show the 
spare engine performance falling within the perfonmance bands defined 
by the aircraft- del ivered engines, the Northwest Orient Airlines data 
show the spares to have poorer initial performance but less increase in 
fuel flow with age. 
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Engine Plight Cycles. 


Figure 14 ECM Data from Pan-American Airplane N534PA on Change In Fuel 
Flow with Usage - -Early variations in Individual trends are 
believed to be caused by airplane-induced effects; atrolane 
average closely follows the fleet trend. 

The second approach compared all of the available spare JT9D-7 engine 
on.,- no ® representatl ve sampl e of a1 rcr af t- del 1 vered JT9D-7 

advantage In this approach was a large data 
disadvantage was that the approach mixed engine models, 
f n?inL’ airlines. Performance of 16 spare engines from eight 
airlines were compared, with the ECM performance records of the first 28 

engines which were collected In 
this study. In the second approach, the. comparati ve plots for^the 16 

ch^n and the Pan American 747SP-a1 rcr af t-del 1 vered engines are 

shown in Figures 19 and 20. The plots of change In fuel flow and 
exhaust gas temperature for-the 16 spares genera.lly fall within the 
bands defined by the 28 Pan American JT9D-7A(SP.)^g1ne^ 

sLnTn defined by the curvas. 
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Eiifliiu* Flight CycUts 


Figure 15 ECM DatS. from Pan American Airplane N534PA on Change -in E6T 
with Usage - The-shift-in the EGT trends of engines 1 and 2 
coincides with changes in the fuel flow slopes (Figure 14). 


TABLE XVI 

ENGINE COMPARISONS FOR THE FIRST APPROACH 
SPARE VERSUS ALRCRAFT^DELIVERED ENGINES- 

Number of Engines 

Airline Airplane/Engine Spare A~i r c r af t -^D e 1 i ver ed 

South African Airways 747SP/JT9D-7F 2 6- 

Iraqi Airlines 747/JT9D-7F 3 7 

Northwest Orient Airlines DC10-40/JT9n-P0 ? ' 6 





I 


Original 



Figure 16 Aircraft-Delivered versus Spare Engine Performance 
Deterioration for South African Airways JT9D -7 F Engines -Based 
on these data, it would appear, that the EG! for the two spare 
engines improved with usage rel.ative to the six airplane- 
delivered engines while the fuel flow for the spares increased 

airplane- dell veread ermines; these 


Original 

Spare 



Figure 17 Aircraft-Del ivered versus Spare Engine Performance 
Deterioration for Iraqi Airlines. JT9D-7F Eiigines - The spare 
engine^ performance trends generally fall within the. tr.ends 
defined by the airplane-delivered engines; the performance for 
engines, appears to deteriorate slightly more after 

l ou eye I Gs • 
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Engine flight_cycles 

Figure ia..Air.craft^Delivered versus Spare Engine Performance 
Deteri orati on f or Northwest Orient Airlines JT9D-20 Engines - 
The spare engines, exhibit poorer initial performance compared 
td the airpl ane-deli vered .engines, but the — subsquent fuel 
flow trends are similar. 

5r 


AWf . lUr 




28 PA JT9D-7A (SP) 
/ engines 


Engine flight cycles 

Figure 19 Performance Deterioration for 28 Pan American Airpl ane- 
Deli.vered JT9D-7A(SP) Engines versus 16 Spare Enaines from 
Eight Airlines - the spare engines, operating over different 
routes and cycles, exhibit a similar band of fuel flow change 
to that, defined .by the airpl an e- del i vered engines. 



Figure 20. Performance Deterioration for- 28 Pan American 

Airplane-Delivered JT9D-7A(SP) Engines .. versus ■ 16 Spare . 
Engines from Eight Airlines - The spare engines, 

operating oven different’ routes and cycles, exhibit a . 
similar band of EGT change,, to that defined by the 

ai r pi ane- delivered engines. 

The limited amount of. data and the variations in the ECM are such that 
it would not support an accurate comparative performance analysis of~ 
spare and aircraft-delivered engines. However, the available data,, 
while limited, shows no. noticeabl ) difference in early revenue, 
performance between engines which were and ..were not part of the 

aircraft pro.duction -acceptan.ce testing. 

4.1.2 In-Flight; Calibration Data 

These data were obtained from the same instrumentation as the ECM data.. 
The only significant differences.in the two types of data are that tbe 
in-flight calibration data were recorded by. an observer specifically 
interested in. the results, and that the parameters were treated 

statistically differently for the two types of data. In the case of the 
ECM data, the data scatter was’ handled by amassing .1 arge quantities of- 
data. For the In-flight calibration data, engi ne- parameters ' such as 
fuel flow^ exhaust gas temperature, and low-pressure rotor speed were 
recorded systematically over a range- of power, settings and faired 
values of "the engine parameters were then used. Typical data of this ... 
type for one, en gine are presented in Fig ures 21 and 22 where fuel flow. 
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exhaust gas temperature, and high- and low-pressure rotor corrected 
speeds are plotted as a functions of engine pressue ratio. Typical data - 
scatter amounts to about +1/2 to +1 percent for exhaust gas temperature - 
and fuel flow and about +0.2 percent for high- and low-pressure rotor 
speeds. Cross plotting data of this type at an engine pressure ratio of 
1.40 yielded results similar to those shown in Figures 23 and 24. These 
figures show the same parameters as a function of . flight cycles for . 
engine P-695738 on airplane N536PA. In this instance, the data scatter 
was at most only si ightly greater than the base plots used to generate 
these figures. 

Using data derived by the • procedures just described, a comparison of 
ECM and in-flight calibration data. for two airplanes, N536PA and N537PA 
is made in Figure 25 for the same four gas generator parameters 
previously discussed. In this instance, the data were averaged for the 
four engines on each airplane. The data have been normalized such .that 
all parameters for each data source and airplane are equal at 100 
cycles. These results show that the ECM and in-flight calibration, data 
exhibit very similar trends. Variations that are. .evident .are within .the 
accuracy, and repeatability of the.-data. 

4.1.3 Prerepair and Postrepair Data 

Prerepaih data for- JT9D-7A(SP) engines (12 tests) (see Table V) is 
presented in Figures 26 and 27. Changes in thrust, specific* fuel 
Consumption. (TSFC) and exhaust gas temperature (E6I) relative to . 
production base-line values of each individual engine are plotted as 
functions of "engine - fl igh.t cycles.. The last three, digits of. each 
engine's serial number -is shown beside the appropriate data point. TSFC. 
was measured at constant thrust, and EGT at take-off engine, pressure ~ 
ratio (EPR). All engines were tested at Pan American with the exception 
of P-686060 - and. P-695745 which were tested and repaired, at Pratt & 
Whitney Aircraft. Fuel flow, thrust, and EGT measured in the. test, stand . 
have been corrected using standard day, test stand, and . configuration 
corrected factors as described in Section 3.4, Analysis Techniques. . 
Additionally, the data for the P-686 series of engines have been 
adjusted* for a package of engineering retrofit Changes incorpor.ated 
after the engines were flown in the certification flight test program 
prior to being introduced into commercial service. Data scatter* is 
1 imlted to. about .+^1 percent in TSFG,.. indicating that TSFC deterioration - 
for unrepaired engines should be fairly predictable. The average 
prerepair TSFC ranges from. about 1 percent above production levels at 
700 cycles to about +3.8 percent at 200.0 cycles. 


Figure 27 presents prerepair ■ exhaust gas temperature for * the 

JT90-7A(SP) eng.tnes, Data scatter is partly attributable to the 
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Figure 21 In-Flight Calibration Fuel Flow and Exhaust Gas 
Temperature Data as Functions Of Engine Pressure Ratio 
for Eng.ine P-695738 on Airplane N536PA Taken, on May 21, 
1977 at 155 HOurs/23 Cycles - The -data show very little 
scatter over -the range of power at which, data were 
recorded. 







Figure 22 In-Flight Calibration Low- and High-Pressure Rotor Speed 
Data as Functions of Engine Pressure R^tib for Engine 
P-695738 on Airplane N536PA Taken on May 21,. 1977 at 155 
Hours/23 Cylcles - The data show very little scatter over 
the ran ge of power at which data were recorded, 
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ENGINE FLIGHT CYCLES 


Figure 23 Fuel Flow., and Exhaust Gas Temperature. Data at EPR of 1.40 as , 
Functions of. Cycles for All In-Flight Calibrations of Engine 
P-695738 on Airplane N536PA. - The data scatter- is only 
slightly greater than the data scatter for Jndjvi dual en gine 
in-flight calibrations. 



ENGINE FLIGHT CYCLES 


Figure 24 Low- and High-Pressure Rotor Speed Data as Functions of Cycles 
for All .In-FUght Calibrations of Engine P-695738 on Airplane 
N536PA. - The data scatter is only slightly greater than the 
data scatter for indiJi/idual engine in-flight calibrations. 
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ENGINE FLIGHT CYCLES 


Figure 25 Comparison of Four-Engine Averages of Gas Generator - 
Parameters as Functions of Cycles' as' Determined by 
In-FUght Calibrations and Engine Condition Monitoring of. 
Engines-on Airplanes N536PA and N537PA - The four-engine 
averages reduce the data scatter and improve the 
a.greement between the two data sources. 








Figure 26 


Long-Term. Prerepair TSFC Deterioration, Measured at 
Constant Thrust, as a Function of Flight Cycles - The 
prerepair data are similar in trend and level to the 
average oL_the historical data. 
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ENGINE FLIGHT CYCLES 


Figure 27 , Long-Term 


Take Off r Measured at 

lake-Off E?R, as a Function of Flight Cycles - After 

temperature profile adjustments were made, the 

data agrees, well with the average of the 


prerepair 
historical data. . 

profile shifts. Because of these profile 

^ squares, fit of. the data. 

IS slightly different from the true average obtained from fuel flow, . 
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The postrepair data are presented In Figures 28 and 29 where TSFC and 
EGT are -shown as functions of engine flight cycles for 18 engines (22 
tests), solid symbols are used for those engines for which prerepair 
data were shown In Figure 26 and 27. The postrepair TSFC data relative 
to production engine level varies from .about +0.5 *percent at 700 flight- 
cycles to about +2.8 percent at 2000 cycles. There IS somewhat more 
data scatter in the postrepair TSFC data than In the prerepair data. 
Even If all repairs were the same at a given engine cycj 1c. age and. If 
production quality parts and build standards were used, a small amount, 
of increased scatter.- (less than 0.6 percent) could be attributed to 
production tolerances. However, all repairs are not the. same at a given 
cyclic age. Swapping of deteriorated modules with other used Or 
par-tially refurbished modules was common practice to expedite repairs. 
In addition,, part quality differs from production quality because only 
selected Individual parts are replaced In a module 
repair/refurbishment, and . some parts ' may be repaired rather than 
replaced. Finally, repair build clearance limits are generally broader 
than production clearances. All- of these factors tend to cause 
increased data scatter In postrepair TSFX: results ancLmake It dlfflcult. 
to construct postrepair average trends. 


LEGEND 

O ENGINES WITHOUT PREREPAIR DATA 
• ENGINES WITH PREREPAIR DATA 



Figure 28 Long-Term Postrepair TSFC Deterioration, Measured at 
Constant Thrust, as a Function, of Flight Cycles. - -The- 
postrepair- data scatter shows results of a w1de-range-6f 
repairs and broader repair build clearances...- 






Figure 29 
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Long-Term Postrepair E6T Deterioration, Measured at 
Take-Off EPR, as a Function of Flight Cycles - The 
postrepair data agrees well, except for a degree of data 
scatter, with the average of the -hi.storical. data. 


The results, of- the prer.epalr/ postrepair data are believed to, have more 
credibility than the analysis .results of . the postre pair-only data. The 
greater credibility occurs because instrumentation, test stand, 
correction, and data sampling uncertainties tend to be reduced through 
the process of iterating the analyses of prerepair/ postrepair- data 
until the results closely correspond to knowledge of actual, part 
condition and repairs performed on the individual engines.. This 

procedure is discussed in more detail in Section 3...4,. Analysis 

Tochn i ques . 

The postrepair —average exhaust gas temperature data (Figure. 29) 
relative to the individual, production . engine level varies from +4^0 
at 700 flight cycles to about 210C at 2000 cycles. Here again, 
considerable data scatter- due to temperature-profile- shifts is evident. 
The profile changes are related to repairs performed; in particular, 
all engines had combustor- liners replaced, In. almcst all cases by 

liners of a different type (Mod. 5 changed to Mod. 2). There is an 

average reduction in measured exhaust gas. temperature- of about 13°C 
associated with this burner liner change, based on Pratt & Whitney 








Aircraft production data. The faired Curve Is the true average exhaust- 
gas temperature- determined from fuel flow and. Is about 13°C higher 
than a least squares fit of the. measured data, . 

The curves presented In Figures 30 and 31 use the faired curves shown 
On the previous four figures to compare the prerepair -and postrepair 
results.. Figures 30 and 31 show changes In TSFC and E6T as functions of 
engine flight cycles. On average, repairs result In about a 1 percent 
reduction In TSFC and a lOPC reduct.lon. In EGT. . As previously noted 
for an individual engine, considerable variation in this IQOC 
reduction can occur because of data scatter - and the effect of 
temperature .prof He shift, resulting from the repair. 



Figure 30 Long-Term TSFC Deterioration, Measured at Constant 

Thrust, as a Function of Flight Cycles; Comparison of 
Average Prerepa.ir to Average Postrepair Performance - The 
repair process did not attempt to maximize performance 
restoration. 

4.1.4 Plug-In Console (PIC) Data 

PIC Data were obtained on four- engines on two 747(SP) airplanes, engine 
P-695743- and P-695745 on airplane N536PA and engines P-695760 and 
P-695763 on airplane N537PA. The method of and schedule for data 
acquisition are discussed in detail in Section 3.0. In addition to the 



standard Rir data acquisition, engine P-695743 was alven soeclal 
treatment. After 1081 flight hour! (141 cycles), the ISgur was 
returned to Pratt & Whitney Aircraft's production test facll It^ whe^e 

production test staSd! 

After water and detergent washing to remove surface contamination from 
engine parts, and engine vane control trim, the engine was r^^^^ 

Next, the production engine cases were replaced with fully Instrumented 
engine cases and a performance test was run. An analytical taardown of 

condition of alVseals and other 
parts which might affect performance was docimented. The 
then reassembled and returned to service 
collection was continued. 


during which 


engine, was 
PIC data 
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Figure 31 . Long-Term EGT Deterioration, Measured at Takei^Off EPR, as 
a Function of Flight Cycles; Comparison .of Average 
Prerepair to Average Postrepair Performance -An average 
of about IQOC in EGT is recovered as a_resultj)f repair. 

fn terms of overall engine performance deterioration, the “as- received" 
^gine had 4 ISFC Incnease (loss) of . 1.5 percent. Water and detl^glnt 

thrust f! POPtfOl tnm regained 0.3 percent of this. loss. BecLse- 
thrust IS not measured -while acquiring PIC.' data and EGT' is subiect to 
measurOTent^ problems associated with, temperature profile shifts 
perfoimance deterioration based on PIC data is obtained 
by using the gas generator measurements to determine Individual module 
losses. An example of gas. generator data is shown In Figures 32 through 

losses In conjunction with module.. Influence 
coefficients can then be used to calculate TSFC and EGT. The results of 
this approach Is shown In Figures 38 ...and* 39 where TSFC and EGT are 



plotted as functions of engine flight* cycles, . TSFC Increases rapidly at 
a rate of about-one percent In the first 25 to 50 cycles and then more 
gradually.. to 2.2 percent .at 1000 cycles. In a similar- fashion, 1-GT 
Increases 5 td after 25 to. 50 cycles aiid then to about at_ 
1000 cycles . 

4.2 OVERALL ENGINE PERFORMANCE DETERIORATION COMPARISON 

Now that the results of tlie various sources of- performance — 
deterioration data have been, presented, a comparison of these results- 
wlth tlie previously acquired historical deterioration dat-a. Is given in 
the. subsequent figures. Figure 40 shows a comparison of the ECM, 
In-flight Calibration, and the. PIC data. Changes 1n. fuel flow, exhaust 
gas temperature, and low- and high-pressure rotor speeds are shown, as 
functions of engine-flight cycles. All data have lieen normalized at 100 
fl.lght cycles. The PIC data which were taken .on the ground have been - 
analytically corrected to altitude conditions. Agreaiient between the 
various data sources Is reasonably good. 

Prerepair performance deterioration data are -shown In.figures 41 and 42 
where the changes In TSFC In percent and EGT In OC ' are shown as 
functions , of engine- flight, cycles. On these figures, the data sources 
Included: PIC data, shown covering a range of flight cycles from 1 to 
1000 cycles; historical, data, obtained from a limited number of tests 
of engines returned to the manufacturer after 5 to 300 cycles; the one 
special prerepair- data point at 141 cycles, obtained on engine P-695743 
and discussed In Section ..4. 1.4; the prerepair data from the JT9D-7A(SP) 
fleet, covering a. range from 700 to 2100 cycles; and. the histprical 
airline data, reported in Reference 1, over a range of engine flight 
cycles from. 1200 to 3500 cycles. Data fraii the Vari-ous data sources 
agrees quite, well. The results show a rapid deterioration over the 
first 100 cycles where the change in.TSF.C increases over 1 .percent and 
EGT rises, to 7°C. The performance continues to deteriorate so that at 
1000 c^les TSFC and EGT have increased 3 percent and 21®C, _ 
respectively, and at 2500 cycles these parameters are. up 4.2 percent 
and 36^0 , respectively. The . sources and causes of this performance, 
deterioration are discussed in. detail, in the next paragraphs wh ere 
engine mjodule performance deterioration is discussed... 

The postrepair performance deterioration data are presented in Figures 
43. and. 44 where the changes In TSFC. in percent and EGT. in ^C are 
shown as functions of engine flight cycles. The data sources are 
JT9D-7A(SP) fleet postrepair datii and historical .airline, data fr-an 
Reference 1. 



Generator Plot - Expansion ratio is plotted 
n of EPR for two PIC calibrations of engine 
used in the data analysis. . 






















cal Gas Generator Plot - Low-pressure and high-pressure 
ir speeds are plotted as functions of EPR ^for two PIC 
brations of engine P-695743 and used in the data 
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gure 38 


Estimated Sea Level Static TSFC Deterioration - Overall TSFC. 
Prerepair deterioration, based on module deterioration and 

influence coefficients, shows a rapid deterioration of 1 

percent in the first 50 cycles followed by long-term, 
deterioration at. a much slower rate to 2.2 percent at 1000 
cycles. 



Figure 39 Estimated Sea Level Static Prerepair EGT Deterioration. - 
Overall EGT deterioration, based -on module deterioration ^nd 
influence coefficients, shows a rapid deterioration of' 60C 
in the first 50 cycles followed by a long-term deterioration 
at a slower rate to 22oc at 1000 cycles. 
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Figure 40 Comparison of Prerepair Gas Generator • Parameters as 
Functions of Cycles as Determined by PIC Data Corrected For 
Altitude, In-Flight. Calibration Data, and_ ECM- Data. - 
Agreement among the three trends, is fairly good although 
wide variations, in fuel flow . occurred in in-flight 
calibration data and ECM data for engine P-695745 and thus, 
influenced the average values. 




ATSFC (%) 



Figure 41 Prerepair Sea Level Static TSFC Performance of JT9D Engines 
at Constant Thrust - JT9D-7A(SP) test stand data correlates . 
well with historical airline data; PIC data shows, a somewhat _ 
more rapid TSFC loss. 



SFC 
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Figure 43 Pos-trepa.ir Sea Level Static TSFC’ Performance of JT9D Engines 
at Constant Thrust - JT9D-7A(.SP) test stand data and 
historical airline data show similar trends- with the 
h.istofica.1 data slightly higher in level. 








Figure 44 Postrepair Sea Level Static EGT Performance, for- JT9D Engines 
at Constant EPR - JT9D-7A( SP)„ test stand data and historical 
airl jne-.jdata are very similar in both trend and level. 


4.3 MODULE PERFORMANCE .DETERIORATION . 

As previously stated, module, performance deterioration was determined, 
only when prer.epair, postrepair, and PIC data were obtained. These were 
the only, sources of~ data which, were associated . with instrumentation 
suitable" for module performance evaluation. A typical example of the 
PIC data being used to obtain module deterioration is illustrated in 
Table XVII. The change in measured gas generator -parameters listed ia 
the. upper left column were obtained at an engine pressure ratio (EPR) 
of 1.43 from Figures 32 through 37, presented earlier. The change in 
gas generator parameters in the Analytical Results column represents 
the result of engine cycle calculations using the module performance 
changes analyzed to have occurred. The only significance differences- 
between the measured and -analyzed gas generator- parameter changes_were 
in turbine temperature, where temper-ature profile variations make 
measurements unrepresentative of the averaige temperature in many 
instances... The values of 'module performance changes, in efficiency and 
flow capacity analyzed to have occured are therefore reasonable. 

The analyses, of the- prerepair and postrepair data were similar but used 
the JT9D engine simulation rather than influence coeff.icients i.n the 
analysis procedue. Module efficiency and flew capacity were “coupled" 
in an attempt to more accurately reflect the effect .of one component or 
module on another. “Coupling" refers to using a known relationship 
between the efficiency, and flow capacity of a given component. Another 
feature of orereoair and pQstr epair analyses is the- rel ating . of the 
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known itiodulfi- repairs with the test data obtained before and after 
repair. Tlie details of these procedures are discussed In Section 3.0 


TABLE XVII 

TYPICAL GAS GENERATOR ANALYSIS BASED ON 
PIC CALIBRATIONS OF ENGINE P-695743 
ON 12-4-78 RELATIVE TO 4-18-78 


Change In 

Engine Measured 

Parameters Parameter 


Low-Pressijre Rotor Speed (%) +0.21 

High-Pressure Rotor Speed (%) +0.29 

HPC Discharge Total Temper_ature...(OR) +1.0 

HPT Discharge Total Temperature (OR) +28. 

LPT Discharge Total Temperature (OR) +11. 

Pt3/Pt2 (^). +1.41 

Ps4/Pt7 {%). -0.65 

Engi ne A1r. FI ow {%)_ -0.41 

Fuel Flow (%) +1.07 


Analyzed Module Parameters 

Fan Efficiency (points) 

Fan FI ow Capacity (%) 

Low-Pressure Compressor Efficiency (points) 
Low-Pressure Compressor Flow Capacity (%) 

Hi gh-Press,ure Compressor Efficiency (points), 
High-Pressure Compressor Flow Capacity; (%) 

High-Pressure Turbine Efficiency (points) 
High-Pressure Turbine Flow Capacity {%) 

Low-Pressure Turbine Efficiency (points) 
Low-^essure turbine FI ow Capacity (%) 


Analytical 
Resul ts 


+0.23 
•to. 29 
+ 2.0 

+ 21 . 

+17. 

+1.44 

-0.67 
-0. 63 
•to. 99 


-0.80 
-0. 50 

-0.65 

-0.40 

-0.60. 

-0.45 

-0.40 

+0.40 

0 . 

0 . 


Some typical tabular results using the approaches mentioned above are 
given in Table XVIII which shows the modular breakdown from an 
analysis of historical data, from R eference 1. Thi s analysis was done 


at 149 engine flight cycles and, as such, represents short-term 
deterioration. It should be noted that the estimated contribution, of 
the individual components/modules to the overall performance loses may 
be somewhat inaccurate because of 'the lack of detailed instrumentation, 
for a more complete analysis. However, the breakdown between the hlgh- 
and 1 oW“Pressure • spool- perf ormance 1 osses is reasonably accurate. As 
shown in the table, this analysis. Indicates that the low-pressure 
spoo.1 contributes 55 percent to the overall engine deterioration while 
the Jilgh- pres sure spool contributes 45_percent. 


TABLE J(Vin 


MODULE CONTRIBUTION TO SHORT-TERM DETERIORATION 
BASED ON ANALYSIS (AT 149 CYCLES) OF HISTORICAL DATA _ . 


Fan 

Low-Pressure Compressor 
High-Pressure Compressor 
High-Pressure Turbine 
Low.*rPress.,uce.-T.utb-tae 


Efficiency Flow Capacity 
Chanae (?S) Change (?S) 

TSFC. 
Change ( 

-0.25 

-0.25 

+0.15 

-0.5 

-0.5 

40.15' 

-0.5 

-1.25 

+0.30 

-0.5 

40.25- 

40.35. 

-0.5 

0.0 

+0. 50 


Total 

+1.45 


Measured 

+1.45 


Low-Pressure Spool 

+0.80. 


High-Pressure Spool 

+0.65,:. 


Table XIX shows the short-term performance deterioration of engine 
P-695743 which was one of che four engines subjected to PIC Tests. 
These results are based on the test stand data after the engine had 
been washed and the engine vane control (EVC) trimmed. These procedures 
improved the. overall engine TSFC' loss from 1.5 to 1.2 percent. After 
these-tests, the engine was subjected to a complete analytical teardown 
where the condition of all the seals and other parts which affect 
performance were docunented. Based on this information, the perfomance 
of each module was estimated. These estimates correlated well with the: 
performance data shown in the table and other historical short-term 
deteriorti on data (Reference 1). The details. J3f this specific test 
effort._are described In detail in Reference 2. 


As discussed in Section. 4.1.4 (Plug-In Console Data)., the-gas generator 
data and component influence coefficients were used to derive the TSFw 
deterioration shown in Figure 38. A detailed breakdown of each module's 




70 


contrlbuticm tfi the TSFC Idss 1s given in Table XX for SO, 150, arid 500 
engiiie flight, eyclds. -At 50, cycles, the TSFC Itiss is ddiiiiiiatod by -the . 
Iilgti-prossuro tiirblnG. deterioration witlv lesser impacts* by the fan arid 
icw-pressut^e compressor. At 50O cycles, the. high-pressure turbine arid 
low-pressure compressor are egual in their Contribution to the total 
loss; the Impact of the low-pressure turbine is practically negligible. 
Over -the short term, the -TSFC losses are nearly equally split between 
the hot section, and cold, section as well as between the Jiigh-pr45ssure 
spool- and -the low-pressure spool. At 500 Cycles, the cold section 
dominates the TSFC losses; _ the low-^pressure spool exh.ibits more 
deterioration than does the high-preSsure spool. 


TABLE XIX, 

MODULE CONTRIBUTION TO SHORT-TERM DETERIORATION 
BASED ON MEASURED PERFORMANCE OF ENGINE P-695743 AFTER 
CLEANING, RETRIMMING (AT 1 41 CYCLES),. AND PARTS INSPECTION 


Module 

Change in .TSFC 
Since New (^) 

F an . 

+0.15 

Low-Pressure Compressor 

+0.35 

High-Pjressure Compresor 

+0.1P 

High-Pressure Turbine 

+0.47 

Low-Pressure Iur.bi.ne 

+0.10 

Total 

+1.19 


A. comparison of the three sources of short-term data is presented on 
Table XXI in terms of module. Contribution to TSFC. loss at 
approximately 150 cycles. In general, all three sources are in 
agreement. The low-pressure turbine loss, based on historical data is 
considerably higher than. that for the other analyses, but thisreSult 
could be due to the lack of Suitable instrumentation to accurately 
assess the distribution of low-pressure spool losses. That. is, part of 
this- loss . could easily be assigned to the fan or low-pressure 
compressor witli no Significant effect on the analysis. 

The short-term losses are due largely to high-pressure turbine and. 
low-pressure com pressor de terioration with the low-pressure turbine 
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eontr-ibutirig very little to. the total loss.. The- losses are evenly 
Split between the high-pressure and low-pressure spool modules. Cold 
section deterior-atl oh seems to be slightly greater than that for the 
hot section. 


tablC n - 

AVERAGE MODULE CONTRIBUTION TSFC DETERIORATION 
USING PIC DATA 



Change 

in TSFC (it) . 


50 

150 

500 


Cycles 

Cycles 

Cycl es 

Fan 

0.20 

0.25 

0.30 

Low-Pressure Compressor 

0.25 

0.40 

0.60 

High-Pressure Cdmpresor 

0.10 

0.20 

0.30 

High-Pressure Turbine 

0.40 

0. 50 

0. 60- 

Low-Pressure--T.urbi ne 

0. 

0.05 

0.15 

Total 

0.95 

_1.40 

1.-95 

High-Pressure Spool 

0. 50 

0.70 

0.90 

Low-.Pressure Spool _ 

0.45 

0.70 

1 .-05 

Cold Section 

0. 55 

0.85 

1.20. 

Hot Section 

0.40 

0.55 

0.75_ 


Figures. 36 thru 50 show the— performance „ 1 osses for each major 
component which directly affects the loss in TSFC (that is, fan, low- 
and high-pressure, compressors, and high- and. 1 ow- pressure turbines). 
These -data are based on. PiC 'tests, prrrepair and postrepair tests, and 
previously acquired historical data. The PIC data show no discernable 
effect of engine location on the airplane (that is, iaboard versuS.. 
outboard) for any of the e ngine modules. 

4.3.1 Fan _ 

The._eff iciency and flow capacity losses due ..to deterioration of the. 
fan. are shown in Figure 45 for the PIC tests. The fan performance for 
all engines deteriorates rapidly at first. The engines -of airplane 
N536A ihow a higher, initial f.an_module loss. 

The same fan performance loss parameters are shown in Figure 46 using 
prerepair and postropair data. The data covers a range of flight 
cycles from 700 to 2100 and represents the deterioration for the 
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unrepalr6d modules. Losses 1n fan efficiency and flow capacity due to 
deterioration are predicted by "top down" analyses of the JT9D^7A(SP) 
engine prerepair data. This figure also shows module losses predicted 
from analyses of ' postrepair data in those cases when no changes or 
refurbishment were accomplished on that particular module during the 
repair. The. prerepair-based loss estimates are believed to have better - 
credibility than the pOstrepair- based estimates for reasons previously 
discussed in Section 3.4, Analysis Techniques. Module cyclic age is 
identical with engine name-plate cyclic age if no repairs have been 
performed on that particul.ar module previously, which is generally the 
case for these prerepair data. Where there has -been prior module 
repair, module. age is engine fUght cycles since the module was last 
repaired. 



TABLE TM . 

COMPARISON OF MODULE CONTRIBUTION TO 
SHORT-TERM TSFC DETERIORATION . 

Data Source 

P-6W43 

Historical Data P&WA Testing Analysis of 

Analysis (As Received PIC Data 

(149 Cycles) with 141 Cycles) (150 Cycles) 
Change in TSFC W 


Fan 

+0.15 

+0.05 

+0.25 

Low-Pressure Compressor - 

+0.15 . 

■to. 40 

■to. 40 

High-Pressure Compressor 

+0.30 

+0.35 . 

+0.20 

High-Pressure Turbine 

+0.35 

+0.60 

•tO.40 

Low-Pressure,_IurJ).i ne 

+0.50 

+0.10- 

+0.05 

Tct?*l 

+1.45 

+1.50 

+1.30 

Low-Pressure Spool 

+0.80 

+0. 55 

+0.70 

High-Pressure Spool 

+0.65 

+0.95 . 

+0.60 

Cold Section 

+0.60 

+0...80 

+0..85 

Hot Seotion 

+Q-R5 

•K).70 . - 

+0.45 


i 


Figure 47. is presented .to show fan deterioration using data from all- 
available sources, that is, PIC. tests., prerepair and postrepair tests, 
and the previously acquired historical data. There is very, good 
agreement betw.een the prerepair and poStrepair data and the histor-ical 
dka. The PIC data show a more rapid short-term deterioration (that is. 
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th6 first. 100 cycles). The slope of the PIC data Curve at about 100 
cycles, would seem to indicate similar deterioration levels for. all 
three data sources by the time 2000 to 3000 cycles are obtained,. 




Figure 45 Fan Module Performance Deterioration - PIC calibrations from 
four- engines, on two airplanes, siicw very rapid initial . 
deterioration followed by long-term deterioration at a much 
slower rate. 

?Tnalyses of the- short-term fan flew capacity losses have received 
special attention because- their effect on engine performance is 
appreciable and. because the effects are considerably different between 
take-off- and cruise -conditions. The results of this analysis shows that, 
for. a 2 percent fan flew capacity loss, which is.typical for high-time 
fan blades, the take-off TSFC improves about 0.5 percent, but there is 
a 0.6 percent TSFC- penality at maximum cruise power at altitude. When . 
the- 'flow capacity loss, is 4 percent (extreme deterioration), the 
take-off TSfC' is about 0.8 percent better than when_.new, but there is a_ 
2.2_percent penality at maximun cruise. 
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Figure 46 Estimated. Fan Module Deterioration with Usage - -The average 
estimated losses in fan efficiency and flow capacity are 
shown. .. 

4.3.2 Low-Pressure Compressor 


The efficiency and flow capacity losses due to deterioration of the 
low-pressure, compressor for the PIC tests are Shown in Figure 48. The 
low-pressure compnessor exhibits, a deterioration characteristic'similar 
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Fiaure 48 Low-Pressure Canpressor Module Performance Deterioration 

calibrations from four engines, on two airpl anes , . show 
rapid initial deterioration (less -than that for the -fan) 
followed by long-term deterioriition at a much slower, rate. 

The prerepair and postrepair data for the low-pressure compressor 
modulf Ire presented in. Figure 49. Only prerepair results are shown 
since there^ were no available postrepair data for engines with 
unrepaired low-pressure compressor modules. It will be observed that 
most of the engines showing hijgh low-pressure compressor 
exhibit, high fan module losses and vice versa. This 
to the conclusion that, white fan/ lew- pressure comPr^or losses are 
variable (possibly because of the . differing flight experience of 
individual engines), the losses are interrelated. Fan deflectio ns and 
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resulting rubs from flight maneuvers and loads also tend to cause 
low-pressure compressor deflections and rubs. 
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Fiqure 49 Estimated Low-Pressure Compressor Module Deterioration with 
Usage - The magnitude of low-pressure compressor 
deterioration appears, related to the magnitude of fan 
deterioration for. individual engines. -It is belived that the 
data scatter is aggravated by the greater potential for 
leakage in the case of the-tnunnion stator. 


Additionally, there are two different physical l(w-pressure compressor 
configurations represented in the dataj 1) firsts stage compressor fixe 
stator ~(engi nes P-69o745 and. P-695743), and 2 ) firs t- stage compressor 
tr.union stator. While there are insufficient .fixed stator data to be 
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conclusive, it is believed that the physical differences contribute to 
lower losses for the fixed stator low-pressure compressor because the 
trunnion stator low-pressure compressor is known to present greater 
potential for leakage as a result of relative movement between the case — 
and trunion bearings, during service use. . 

Figure 50 compares the data from the three sources (that is, PIC, 
preprepair and postrepair, and historical). The loss in efficiency is 
reasonably comparable for all sources of data. The flew capacity trends 
are similar but the levels of-loss are highest for the historical data 
and lowest for the PIC data. 

As with the fan, the -low-pressure compressor . was analyzed to determine 
how flow capacity losses affect performance. A detailed description of 
this study ii_presented in Appendix B. 

The analysis showed that a 2 precent loss in flow capacity (that is, a _ 
typical low-pressure compressor with 200D flight cycles) results in a 
10°C increase in EGT at take-off and a -0.6 percent increase in TSFC 
at maximim cruise power at altitude. A -4 percent loss in flow, capacity 
(extreme deter.ioration) increases the take-off EGT by ,250C ^and the. 
maximim cruise TSFC by 1.5 percent. 

4.3.3 High-Pressure Compressor 

The efficiency losses due to deterioration of the high-pressure 
compressor for the.JPIC tests are shown, in Figure 51. On airplane N537A, . 
the deterioration losses show the characteristic short-term losses.. 
However, on airplane N536A the high-pressure compressor, short-term 
losses are relatively small. No explanation, is known for this latter 
trend . . 

The pr-erepair and postrepair data for the high-pressure compressor 
module are shown in Figure 52. Estimated loss in flow capacity for the 
high-pressure compressor is not shown. While the "top down" analysis 
method predicts high-pressure compressor flow capacity changes in order 
to match, the test data, the results are biased by variable stator 
indexing resulting from field trim. Thus, .the results include vane trim 
effects in addition to flow capacity loss due to deterioration. 
Additicnally, engine performance, is. not strongly influenced by changes 
in high-pressure compressor flow capacity changes resulting from either 
deterioration or vane trim. For these reasons, ., the analytical flow 
capacity changes are not presented. 

The losses in efficiency due to deterioration range- from about 0.5 
point at 700 cycles to 1 point at 2000 cycles. 
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Ejgure 50 


Preirepai T and Postrepair, and 
Historical Low-Pressure Compressor Performance Deterioration 

source’J efficiency is comparable for all dlta 
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Figure 51 High-Pressure Compressor Module Performance. Deterioratix)n - 
PIC calibrations from four engines, on two airplanes, show 
characteristic, initial deterioration for engines on one of 
the airplanes but a reduced initial deterioration, for 
engines on the other airplane,, followed by „long-term . 
deterioration at a much slower rate. 


• PRE, POST COMBINATIONS 
POST REPAIR TESTS ONLY 
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Figure 52 Estimated High-Pressure Compressor Module Deterioration, wi.th 
Linage - Results are shown for only efficiency loss since 
analytical flow capacity loss results include the elfect. of 
variable vane trim in addition to deterioration 
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Figure 53 comp.ares the data from the three data sources. The historical 
data showns' a deterioration level .about twice as great on the PIC and 
and P°strepa1r data at 1000 flight cycles. Possible reasons 
for this ^ difference ere; 1) the relatively few and possibly cleaner- 
h Pan American 747(SP) aircraft., which may have 

blapd the fashion (is less erosion), and 2) more careful 

control In the 747{Sjy of thrust reverse usage resulting In less dirt 
ingestion. 

4.3.4 High-Pressure Turbine 

The efficiency losses and flow capacity Increases- due to deterioration 

ll turbine based om the PIC: tes-ts are shown In Figure,, 

Kn*f« the h1gh-pressure turbine, occur in the first 

50. to 100 flight cycles. 

The prerepair -and postrepair data for the h1gh-pressure_turb1ne are 
shown In. -Figure 55. Only prerepair data .results are shown, since there 
were no available postrepair data for- engines with unrepaired 
high-pressure turbine modules. Predicted efficiency loss has relatively 
little data scatter._ while considerably more scatter- Is seen for flow 
capacity Increase. The reason for this variation in scatter 1s_ 
attributed primarily to the fact that predicted flow, capacity Is 
strongly dependent. on the measured value of Ps4/Pt7, which, 1n“turn. 1s 
influenced by the condition of the high-pressure compressor module and 
the resulting exit temperature profile effect on measured Ps4. Also, 
burner pressure loss variations associated with burner liner 
configuration will affect predicted flow capacity since burner -pressure 
loss changes are not separately accounted for, as discussed in Section 

Figure 56 compares the data from the three data sources.. The losses in 
efficiency are greater f or - the historical data than those from, the 
other sources. The. differences are related to design improvements that 

were incorporated in the JT9D-7A(SP) engines evaluated during this 
program. ^ 

4.3.5 Low-Pressure Turbine 

The efficiency losses and flow. capacity losses due to deterioration of' 
the low-pressure turbine based on the PIC tests are presented in Figure 
57. The deterioration losses of this module are negligble. 

The prerepair- and postrepair data for the low-pressure turbine are 
shown in Figure 58. The average low-pressure turbine efficiency loss 
and flow capacity increase Is greater than that .shown by the PIC~data . 
on the previous figure. A point of Interest Is that the rate of 
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Figure 53 Comparison of PIC, JT9D-7A(SP) Prerepair and Postrepair, and 
Historical High-Pressure Compressor Performance 
Deterioration Data - The PIC and test stand data indicate 
less high-pressure compressor loss than does the historical 
data. 
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Fiaurp 54 High-Pressure Turbine Module Performance DeterioratVon - PIC 
^ ” calibrations from four engines, on two airplanes,, show 

characteristic initial deterioration followed by long-term 
dpteri oration at a much slower rate. 
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Figure 55 -Estimated High-Pressure Turbine Module- Deterioration with 
Usage -- Tlie greater data Scatter in. the case of flow 
capacity increase is attributed to the strong dependency of 
predicted flow capacity on measured Ps4/Pt7 and the 
associ ated i nf 1 uence . of . compressor, conditi on . on exi t prof il e 
and measured PS 4. 
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Comparison of PIC, JT9D-7A(SP) Prerepair and. Postrepair, 
and Historical High-Pressure Turbine^ Perfomance 
Deterioration Data - The PIC and test stand data indicate 
lower h.i qh- pressure turbine losses than does the h.istcr.ical 
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Figure 57 Low-Pressure Turbine Module Performance Deterioration - PIC . 

calibrations from four engines, on two airplanes, show that, 
both initial and long-term deterioration is practically 
negligible. . 

low-pressure turbine deten or at ion appears to be related-to_the rate of 
f an/1 ow-pressure compressor deterioration. Engines with high 
f ah/low-pressur.e- compressor looses tend to be high in low-pressure 
turbijie loss.eS and vi.ce versa. 

Figure 59 Compares, the data.frcm the three data sources. The e£ficiency 
losses and flew capacity increases, are lowest for the PIC and 
historical data and greater for the prerepair and postrepair data. 
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• PRE, POST COMBINATIONS . 
^ POST. REPAIR TEST ONLY 



Figure 58 Lew- Pres sure Turbine Module Deterioration with Usage - The 

rate of low-pressure turbine deterioration appears to be 
related to the rate of fan/low-pressure - compressor 
deterioration; engines, that are high, in fan and 

lew-pressure compressor losses also tend to be high -in 
low-pressure turbine loss and vice versa. 




Fi gure 59 Comparison of PIC, JT9D-7A(SP) Prerepair and Postrepair, 
and Historical Low^Pciessure Turbine- Performance 
Deterioration Data - The- test stand data shows greater 
low-pressure turbine losses than , does either the PIC. or 
historical data. 
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SECTION 5.0 

REFINED MODELS OF JT9D 
ENGINE PERFORMANCE DETERIORATION 

5,1 REFINEMENT OF PERFORMANCE DETERIORATION MODELS 

One of the end results of the Initial - phase of the JT9D Engine 
Diagnostics Program was the. establishment of preliminary performance 
deterioration models for the JT9D engine and its modules (fan, low- and 
high-pressure compressors, and high- and low-pressure turbines). Thest 
preliminary models were based on the analysis of Pratt & Whitney 
Aircraft and airline historical and -used parts data. This section -of 
the. report discusses the refinement of these models as influenced by 
the in-service data gathered from the Pan American 747 JT9D-7A(SP) 
fleet. This latter data included PIC tests data and. prerepair and 
post-repair test stand data. 


5. 1.1 . Fan 


Figure 60 shows the refined fan efficiency and flow capacity loss 
model. The refined performance deterioration model is an average curve 
fit through the three curves (which were not weighted equally). 
Prerepair test stand data analysis results have been favored over PIC 
analysi s resul ts . During PIC tests, the presence, of the inlet cowl 
caused^ inlet flow field instabilities which led. to low rotor speed 
variations. The prediction of the fan flow capacity and efficiency from 
the PIC" data alone_is, tJierefore, considered less reliable than 
predictions based on test stand data. Prerepair test stand data, and 
historical data (preliminary model) are in fairly gpod agreement with 
each other. The refined model represents an average fxt through these 
two.-sources . 

Figure 61 presents the refined fan model curves with the scatter bands. 
These bands represent the approximate scatter in the. JT9D-7A(SP) data 
and thus represents the possible engine-to-engi ne variations for each 
model. 


5.1.2 Low-Pressure Compressor 

Figure 62 shows the Lw-Pressure Compressor refined models. The three 
data sources are in fairly good agreement with each other except that 
the historical data shows somewhat, greater flow, capcity loss. The 
JT9D-7A(SP) prerepair and PIC data has been favored over the. h-istoclcal 
data because the expanded instrumentati-on. (include Tt3) used in -the 
JT9D-7A(SP) engine testing permitted more accurate analysis of 
low-pressure compressor deterioration. 
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Figure 60 Development of Fan Performance Deterioration Refined Model 
- The refined model is based predominately on the 
JT9 Dt 7A(S) test stand data and the prel imi nary model , — 

Figure 63 presents the refined low-pressure-compressor models with the 
sxatter bands of possible-variations among individual engines. 




5.1.3 High-Pressure Canpressor 


I The refined high-pressure model is shown on. figure 64. It is weighted. 

toward the JT9D-7A(SP) engine data and is somewhat lower than the. 
preliminary model . .The JT9D-7A(SP) PIC and test stand data trends have 
been favored over the historical results because there is relatively 
little Tt4 instrumentation data in the historical test results, leading 
to uncertainty as to high-pressure compressor efficiency losses. The 
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refined model lies above -the JT9D^7A(SP) data based on engineering 
judgnent. The 747 JT9D-7A(SP) serves relatively few city pairs and the 
exposure to dirt, ingestion is estimated to be less, than would be 
experienced on the average airline operator aircraft Or engine to which 
the model is addressed. No flow capacity deterioration model is shown 
for reasons previously discussed in Secti on 4.0 




AVERAGE LPC.AGE (BLIGHT CYCLES) 

Figure 63 Low-Pressure Compressor Performance Deterioration Refined 
Model and Variation. Band - The variation band, represents- 
scatter among individual JT9D-7A(SP) engines. 
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Figure 64 Development of High-Pressure Compressor Performance 
Deterioration Refined Model - The refined model lies 
between the, historical data and JT9D-7A(SP) data which 
1 ndi cate 1 ower—deteri oration, with respect to usage. 

The refined model with, the performance scatter -band is shown on Figure 


5.1.4 High-Pressure Turbine 

Turbine models are- shown on Figure 66 The 
efficiency loss for the refined model is somewhat less severe than for 
the preliminary model. The flow capacity increase is sliohtlv 
The refined model represents an averaae ^ o?r- ' 
historical data, although PIC and prerepair^dL Ve^favored^^^^^^ 
the h.i,gher gyality of the JT9D-7A(SP) data as discussed in 1ec?tor4!o 
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Figure 65 High-Eressure Compressor. Performance Deterioration Refined . 

Model and Variation Band - The variation band represents 
data scatter amongjndividual JT9D-7A(SP) engines. 

The flow capacity increase for both the prel imi nary and refined models 
may be partly due to. high-pressure- compressor- discharge pressure 
profile changes resulting from tip clearance losses in the low- and 
high-pressure compressors- Measured Ps4 strongly influences analysis of 
high-pressure turbine flow capacity as discussed in Section 4.0. The 
refined models with theiri possible scatter baads are shown on Figure 67. 

5.1.5 Low-Pressure Turbine 


The refined low-pressure turbine models are shown on Figure 68. Both 
efficiency losses and flow capacity increases ara greater- than the 
preliminary models.. Again, the- JT9D-7A(SP) test stand data analysis 
results were favored over the historical data because the JT9D-7A(SP) 
data are believed txi be more credible. The. refined model trend was 
weighted toward the test stand (700 to. 2000. cycle) analysis results. 
The. PIC 'analysis of low-f.pressure spool loss split between the fan. and 
low-pressure compressor is ■ considered less reliable because of inlet 
instabilities as previously discussed in the fan section (5.1.1). 
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Figure 66 Developent of High-Pressure Turbine Performance 
Deterioration Refined Model - JT9Dr7A(SP) engine data 
showe.d lower efficiency deterioration and slightly higher 
floMLxapacit v increas e than that for the historical data. 
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Figure 67 High-Pressur«. Turbine Performance Deterioration Refined 
Model, and Variation Band - The variation band represents 
data scatter aiiohg individual JT9D-7A(SP) engines. 

The refined models with- the .possible scatter, bands ar6..shown on Figure. 
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Figure 68 


Development of Low-Pressure Turbine Performance. 
Deterioration Refined Model - JT9D-7A(SP) engine data shows 
Increased deterioration relative to historical data trends. 
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5.2 ENGINE PERFORMANCE TRENDS J10DEL VERSUS. DATA 

Th6 refined models of component deterioration have been combined to 
predict overall engine sea level take-off TSFC deterioratim (at 
constant thrust) and. EGT increase (at constant EPR). Stabilized 
high-pressure turbine performance beyond 1000 cycles, and low-pressure 
turbine, performance beyond 2000_cycles are assuned. The results are 
shown in Figures 70 and 71. 


HISTORICAL 



Figure 70 Prerepair TSFC Performance Data, Measured at Constant 
Thrust, as. a Function of Usage - The refined model of 
engine performance loss shows good agreement with 

hi stori cal . data and 747SP engine, test stand and PIC~data. 


Figure 70 shows engine TSFC deterioration at three usage intervals 
obtained by curve fits through JT9D-7A(SP) engine test stand data, PIC 
data, and the historical data. The refined model shows good correlation 
with the various data sources. Prerepair TSFC deterioration for - 
unrepaired engines, as . predicted by the model , ranges from nearly 1 
perc^t in 50 cycles to about 3.7 percent in 2000 cycles. The 
historical data (engines generally having had some prior repair) and 
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the model (with stabilized turbine damage) show, tSFC_ deterioration 
increasing to about 4.4 percent in 3000 Cycles. 



Fiqure 71 Prerepair EOT Performance Data, Measured at Constant EPR, 
M9ure_./ /p^,,tion of Usage " Tlie refined model of engi^^^^ 

performance loss shows good agreement with historical data 
and 747SR..engine„test ^tand and-PIC data^ 

Fiqure 71 presents prerepair EOT increase for 
relati.ve to production EOT level, as PJ^drcted by the model 
deterioration tr£nd is compared to the trends 1^';o'^^f9D-7A(SP) engine 
ust sfa^d data (based on fuel fl») and from ™ data as well as to 
the. historical, test Stand data. The model, ^^^.4.1 , .-ho 

hi qh-pressure turbine damage assumed, shows good Correlation . 

varioSr SI sources. Prerepair (unrepaired) E8T increase is about 
30OC at 2000 flight cycles.. 

There are no module loss models for postrepair -data because of the 
variability of repair levels and 

rnmoares Dostreoair TSFC- deterioration trends from dT9D-7AiSP) engine 

test Stand data with the- trends ophe^ %latite^to 

of the data is Shown. Average- postrepair 'TSFC 

the. production level ranges from about 2 pjrcent_at 1000 flight cycles 
fn ahnilt 3. 5 p ercent at 3000 cycl es . 
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Figure 72 Postrepair TSFC Performance Data, Measured at Constant. 

Thrust, as a Function of Usage - The- average postrepair- 
performance shows good correlation with .the 747SP engine 
test s±and_jdata and the his-t^rical data. 

Similarly, Figure 73 shows postrepair -EGT trends, relative to the 
production level, for the various data sources. An average fit of the 
data is shown. Average postrepair EGT deterioration is about 20°C at 
2000 cycles. 

5.3 MODEL PREDICTIONS . 

The individual module loss models have been used in the engine 
simulation to estimate losses at given flight cycle periods, by module 
and by damage mechanism. These TSFC predictions. are_at sea level static 
constant take-off thrust. 

The bar chart shown in Figure 74 compares the individual module .losses 
estimated using the models at. 50, 500, 1000, 2000i, and 3000 flight 
cycles. No cold section repair was assumed for- the preparation of the.. 
comparison . i n Figure 74. However, high-pressure turbine damage was 
assumed to be stabilized at 1000 cycles and low-pressure turbine, damage 
at 2000 cycles to reflect typical prerepair engines. 
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Figure 73.. Postrepair^EGT Performance Data, Measured at Constant EPR, 
as a F.unction ofUsage - The average postrepair performance 
shows, good correlation with, the . 747SP engine test stand 
data and the historical data. 
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Figure 74 Module Performance Deterioration, at -Constant Undeterior- 
ated Sea Level Static Take-Off Thrust, Based on the Refined. 
Engine Deterioration Model - Early performance losses are 
most significant f.or the low-pressure compressor and the 
high-pressure turbine; as flight cycles -increase, high- 
pressure compressor and low. pressure turbine become 
increasingly important. 
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study. The refined model toUlTSFC^^ through. 1000. 

^yTeSf el^l^irar 

5;?fefeol=fhe“rWS’model shows^ 
fou-^eirufe 

These, differences are eUrlbuted K, ie h1stS?Ual study, permitting 

(\*'i,1S%rtrhS%?^r "4'st staXd Correction 

uncertainty) . 

\» sr..K..’S's s,ss sx«t 

to module performance .losses. 

Early Jhl loi-plr^ssut^e^ wmpre\?or^"and 

thermal distortion becomes increasingly important. 

Figure 77 Presents the ref ined model showing ^the ^estlmated^ 

contribution of -JJi 1, Comparison with* the preliminary 

deterioration versus 'Oh t cycles. „„«rall level and distribution by 

“C’'th\'”'5o”o"ro *^ISr^lV“e' penod. resulting from the 

improved guallty of the ,JI9D.-2i( SP) data. 
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Figure 75 Module Performance Deterioration, at Constant Undeterior- 
ated Sea Level Static Take-Off Thrust; Refined Model 
Results Compared to Preliminary Model Results-.- The refined 
model shows slightly less short term loss; as flight cycles 
increase, the refined model loss is similar to the prelim- 
inary model, but the distribution of losses by module, is 
somewhat different. 
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Figure 76 Major Causes for Module Performance Deterioration - The 
estimated contribution of flight loads, erosion, and 
thermal, distortion to module performance losses are shown. 
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Contribution of Major Causes to Overall Engine Performance 
Deterioration - The refined model shows negligable 
difference to the preliminary model with respect to the 
proportion of overall engine performance loss due to each 
cause. 





SECTION ^.0 
RECOMMENDATIONS 


Based on the analysis of the data collected during the current, efforts . 
of the NASA JT9D Engine Diagnostic . Program, . and considering the 

preliminary recommendations presented in NASA CR-135488 (Ref. 1) a 

number of refined recommendations can be made.- . 

0 Action that the - airlines could, take now to improve fleet, 

average performance, 

0 Areas where design and development of improvements are 

required, and 

0 Areas where additional diagnostics efforts are required. 

Recommended engine operating procedures, discussed in Section 6.2, 
lists operating do's and don'ts for the airlines to minimize 
deterioration. during transient engine operation. 

A simple and accurate system of performance monitoring and maintenance 
doainentati.on would permit each airline to optimize maintenance - 
procedures and minimize fue.l. consumption and operating costs. Section 
6.2 discusses what the airlines can do now and what additional tools 
are required. 

Section 6.3 recommends maintenance actions and frequencies by module to. 
minimize performance deterioration and to achieve the maximum practical 
performance restoration. The recommendations, based on the historical 
data and. the Pan American 747SP engine prerepair and postrepair data 
and analyses, may be put'ijito practice now.. 

Section 6.4 discusses the four generic performance deterioration 
mechanisms and .the design and development, criteria that -should be 
investigated to reduce the. Influence -of these mechanisms. 

Finally,. Section 6.5 discusses .experimental and analytical efforts 
needed to better understand the complex, causes of specific 
deterioration phenomenon and permit identification of potential 
sol uti ons to . engine performance deteri orati on . 

6.1 ENGINE OPERATING PROCEDURES . 

Production acceptance testing of new engines at Pratt & Whitney 
Aircraft has shown very little deterioration (0.2 percent TSFC change 


maximum) from the Initial data point to. the- final calibration. This 
running Includes all of the various types- of operation . (Including snap 
acceleratl on and .deceleration transients) that are required In customer 
test stands or during ground test operation In the aircraft. The 
following guidelines have been developed, to m1n1ra.tze deterioration 
during this type of post-repair engine operation;. 

1. Operate at Idle, power for a minimum of 5 minutes after start 
before acceleratl ng_aJbove Idle. . 

2. The Initial acceleration from Idle on a restored. engine should, 
consist of gradual Incremental power Increases. 

3. Unnecessary hot, fast acceleratlons—or decelerations should be 
avoided: 

a. Whenever, possible, accelerations or declarations should 
be slow., that Is, at a rate equivalent to a mlnlmun of 60 
seconds for a full power-lever excursion between Idle and 
take-.off power. 

b. Following more, than one minute of. operation at or above 
bleeds closed power, the engine should be operated at 
Idle for: 

(1) 7 minutes prior to a slow acceleration (that Is, 60 
seconds minimum. Idle to take-off ); 

(2) 15 minutes prior to a snap acceleration, which Is 
defined as. a power lever movement of one. second or 
less for a full excursion. 

c. When snap., decelerations are required, they should be 
performed as soon as possible after reaching high power 
(0 to 10 seconds preferred, 30. seconds maximum). 

d. Engine, calibrations should be performed In a decreasing 
power direction so that the engine will be "cool" at the 
end of the calibration prior to shutdown or other, 
operation. 

e. Run at Idle for a minimum of 5 minutes before shutting 
down. 

Adherence to these procedures will minimize blade to rub- strip contact 
by allowing, the contact to. occur gradually rather than abruptly. Abrupt 
contact In high-pressure turbine stages can cause localized metal 
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trailsfer and build-uB_pn the rub strip which would result In excessive 
blade tip. wear, - 

Suf-£1c1ent "cool down"- time at idle after being at high power and prior- 
to an acceleration to high power- (as prescribed In 3.b. above) Is 
required to prevent excessive blade to rub- strip contact res ul t1 ng, from 
a hot rotor accelerating In a relatively cool case. Similarly, If snap 
decelerations are to be made, they should be performed as soon as 
possible after- reaching high power (3.c above) to minimize the amount 
of thermal growth of the rotor disk which can potentially rub the 
"cool" case after the- deceleration Is made.. Figure 78 graphically 
presents the Interaction of a typical hot rotor and rub strip (that is, 
tip clearance) during .an acceleration/deceleration cycle. Revised test 
stand procedures that are consistent with the above recommendations are 
soon. to be released for revision of the JT9D engine manual. 

An unfortunate Incident during the postrepair testing of JT9D-7A(SP) 
engine P-695745 showed the- effects of Inadvertently not following, the 
above operating guidelines.. Following the April 1978 repair and 
postrepair test of this JT9D engine by Pratt. & Whitney Aircraft, it was 
ret-urned to_ Pan American for- their testing. On. June 19th, the engi.ne 
was run In the- test stand for the purpose of correlating their stand 
with the Pratt & Whitney Aircraft Middletown engine test. stand. During 
the second calibration run, after stabilizing for 3 to 5 .minutes at 
take-off powei' level, the engine was accidentally shutdown. The-engine 
was restarted within 2 minutes, and the test was continued. There.was 
no indicati.on of rotor seizure; however, subsequent analysis of the 
test data indicated that there was a performance deterioration of 1.2 
percent in_Wf and a 120C ' increase, in EGT relative- to the prior 
calibration run. 

The effect of this shutdown and restart was similar to the transient 
shown in. steps 3, 4, 5, and 6 on Figure 78. The- accidental shutdown 
removed the centrifugal forces on the disk, allowing the disk to 
shrink, and opening the clearances (point 3 -► 4). The turbine- case, and 
outer rub strip then started cooling and shrinking at a more rapid rate 
than the disk, causing. the blade tip/rub-strip clearance in the slowing 
down engine, to close (point 4 -► 5). The engine was restarted before 
the high-pressure turbine disks had cooled and the clearances had 
sufficiently reopened. The resulting centrifugal- force on the hot disks 
caused them to expand, closing the gaps between the blades and the 
relatively cool rub strips (point 5 6) . The.rub which ensued was not 

sufficiently severe to cause a seizure but did open blade tip/rub strip 
clearances enough to cause the measured_perfo_rmance loss. 

Thus, the failure to observe the recommended, operating procedures 
durin g test s tand or installed engine operation can result In 
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significant, loss of performance. If the resulting rub occurs during a 
postrepair test, the restored performance from a careful refurbishment 
can be lost before the engine Is returned to service, and the benefit 
of the refurbishment, will, be . obscured to airline maintenance and 
o peratl nq personnel . 



SNAP ACCEL ^.INITIAL CLEARANCE DECREASE DUE TO CENTRIFUGAL GROWTH 
AND BLADE THERMALS 


(D HOT SNAP DECEL INITIAL CLEARANCE INCREASE DUE TO CENTRIFUGAL RELAXATION 

AND REDUCED BLADE TEMPERATURE 

d) -*>d) IF SNAP ACCEL PERFORMED BEFORE DISK COOLS, CENTRIFUGAL GROWTH AND BLADE 
THERMALS ON HOT ROTOR WILL CAUSE ABRUPT BLADE/RUBSTRIP CONTACT 


Figure 78 Hot Rotor/Rub-Str1p Interaction - Because the thermal 
expansion and contraction rate of the case (and the rub 
strip) is -faster than that of the rotor disk, an abrupt 
bUde/rub-strIp contact will occur if a snap a^eleration 
is performed before the disk cools. 

6..2. PERFORMANCE iflQNITORING 

6.2.1 Performance Trending and Management 

Efforts during the historical and current in-service data collection 
activities highlighted the need for improved management Information 
concerning individual engine and fleet deterioration if Improvements in 
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fuel burned and operating costs are to 1)6 achieved. It has been clearly 
iciontifleil that large variations exist between operator practices that 
have an impact on avdj^age- engine. performance level. Ad operator' s fleet 
fuel consumption is dependent on two factors:" porfoniiance retention 
while on the wing, and performance recovery while in the shop. to. 
effectively manage these factors, canplete records of individual engine 
performance histories and repairs are- req uired. These- data should 
tficl ode: 

0 1 n1 ti al engi ne performance dat a; 

0 Periodic installed engine performance data, to define trends, 

including fuel costs and range/payload limitations; 

0 Representative airpl ane operating cycle data; _ 

0 Accurate performance restoration and engine modification data., 
including cost and shop torn-around data; and 

0 Expanded instrumentation testing before and after major 

refurbisliment actions. 

A computerized management tool could then be used by_ each airl ine to 
optimize engine own.ing and operating costs for its fleet and route 
structure. This- tool could provide each airline's management with a 
means to evaluate effectiveness of shop visits and could assist in 
controlling those factors, that increase fuel Consumed. To develop such 
a nianagaiient tool , sea/eral steps are Jie cess ary, including:. 

0 Performance data collection- and processing should be. revised. 
to provide-, more a.Ccurate trjicking of individual engine 
performance. 

0 Accur-ate repair rebuild and operational histories should be 

maintained, for engines, modules, and perfomi ance sensitive 
components. 

0 A reliable and sample- systan. for measuring and analyzing 

engine performance before ahd-after repair is -necessary. 

0 A rigorous instriniient calibration system is required to ensure 
test measurement accuracy. 
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Each of these reriulreiiients Is discussed In the following paragraphs. 

6»2.2 Engine Condition Monitoring 

The existing flight perfonnance Engine Condition Monitoring (ECM) 
System does not provide data of sufficient accuracy for precise 
perfomian''.e monitoring ef individual engines. It is desirable to 
develop a standardized, simple, and Sufficiently accurate system for 
determination of engine flight perfonnance deterioration trends. The 
AID'S system, which is. available, may be the answer to this problem. - 
AID'S is an autanated data system which monitors in-flight pe-'formance 
more directly than t lie current ECM approach. 

6.2.3 Operating History and Repair Data Collection 

This basic information exists in various forms at all operators. . 1 1 
would be desirable to develop a uniform program with the capability of 
comparison of operator characteristics. Such a comnon program would . 

permit identification and comparison of relative deterioration rates 

for operators . in adverse operating environments, such as mid-East 
deserts, with operators in clean climates. A program of this nature ■ 

would provide the tool each operator needs to -assess their owe 

performance retention and restoration. . 

6.2.4 Analysis of Performance and Repair Data 

The NASA JT9D Oet Engi ne. Diagnostics Program has produced a. prel iminai y 
analytical tool for isolating performance deterioration by module as -a. 
f unction of test stand testing and Plug^In Console (PiC) testing data. - 
Further refinements will be necessary before such a diagnostic tool 
would be available to each airl ine to determine what repairs should be 
made on an engine, and to measure the performance improvanent , by 
module, of a repair action. See Section 5.4. 

6.2.5 Test Stand Instrimentati on and Calibration 

Based on the observations made during visits, to the airlines'- test 
facilities during tlie historical and JT9D-7A(SP) data collection, 
activities, several . areas, were noted where improvements could be made 
in the inStrunent calibration procedures. The reconinendations are not 
directed toward any. one airline, but to the test facilities in general. 

The reconrnendati ons fall into. five categ ories a s shown below: 

0 - Cal ibrati on standards, 

0 Written calibration procedures, 

0 Data retention. 




114 




0 Cal tbrati on techniques., and 

0 Calibration, analysis. 

The problans and recommended . solutions are discussed in detail in 
Section 6.2.^of the report on h.istorical data studies, NASA CR-135448 
(Ref.. 1) and w.lll, therefore, not be repeated in this document.. The 
general problem is that the. errors which can develop in the. test stand 
instrumentation system are of the same magnitude as the performance-, 
changes which need . to be. measured.. Thus, a rigorous program of. 
instrunent calibration is required to accurately assess ■ the magnitude 
of a specific performance problem and to provide an indication of the 
most likely cause Of. the problem. 

6.3 MAINTENANCE PRACTICES 

This section presents recommendations for the retention of engine 
performance which are based on the. results of the earlier, study, effort . 
with refinements resulting from the later . data, analysis. A principal 
result of, these analyses is the knowledge that the relative influence 
of low-pressure spool module deterioration, is greater on flight cruise 
performance than, on sea. level performance. Thus, greater emphasis 
Should be placed on low-pressure Spool module performance restoration 
than ground testing would suggest. 

6.3.1 

Fan performance deterioration is caused by the increased tip clearances 
which result from flight loads and which appear to stabilize after 1000 
flights. Surface roughness increases with usage and then also appears 
to stabilize. Ran blade leading edge bluntness, however, continues to 
increase and the performance penalty grows.. 

Based on these damage mechanisms, periodic hand cleaning Of the fan 
blades and Stator vanes when the engine -is in the Shop and resjtorati on. 
of leading edges are -the two recommended maintenance actions. As long, 
as the fan rub strip is mechanically sound and -the tip clearances are 
within Overhaul Manual limits, no restoration of fan blade clearance is 
recommended due to the short-term rub-out from the effect of flight 
loads. The recomnended refurbishment period is- between 2000 and 3X)00 
cycles with strong preference giyen to. the .shorter, i nterval because of 
rapidly increasing fuel prices. 

6.3.2 Low-Pressure Compressor 

The mechanisms that reduce performance in the 1 ow-presSure- compressor - 
are tip clearance, roughness, and airfoil leading edge shape. Surface 
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roughness Increases -and then appears to stabilize, tip clearances, 
however, continue to increase from the effects of erosion on the rubber 
outer airseals. Airfoil leading edge shape or bluntness Is not judged 
to be significant up to the current level of usage (4000 to 5000 
cycles). 

The Icw-^pressure compressor should.be Chemically cleaned at every 
exposure and the rub strips .replaced between 2000 and 3000 cycles when 
the engine is. In the shop.. The f Irst- stage trunn inn stator vane should 
be replaced with a fixed firsts-stage stator vane to reduce-fl.ow loss. 
The effect of airflow losses, particularly on EGT, as -well as fSFC, 
suggest that more attention should be placed On this module. The. 
airfoils Inspected showed signs of thinning from the samples Inspected 
with 5000 cycles usage.. Consideration should be_given to replacing 
these airfoils between 5500 and 6500 cycles, depending on their 
condition at that. time. The rapidly increasing cost of fuel will . 
Increasingly, favor, refurbishing at the louver end of the recommended 
interval... . 

6.3.3 High-Pressure Compressor 


High_ pressure , compressor. -performance losses caused by erosion are 
initially due to blade length reduction, loss of outer, airseal 
material, and Increased roughness. The effects of blade camber change, 
based on analysis, become important, at usage levels beyond 3000 cycles 
in the blades. 

The performance Insses in the high-pressure compressor suggest that the 
compressor should, be refurbished between 2500. and 3500 cycles with long 
bl.ades and new/ref urbished rub strips in all stages. The stators should 
also be chemically cleaned at this time. Based on stator thinning, the 
stators, as well as. the blades., and outer airs.eals should be replaced 
at the next interval or 5000 tOL.7000 cycles. 

The ■ correlation of compressor blade- length to EGT impravement is 
strong. The measured EGT improvement due -to reduced blade/OAS clearance, 
appears greater than the expected, average EGT improvement. Thus, it 
appears that reductions in. compressor blade clearances improve 
combustor-temperature profile and,, hence, the EGT ^irof 11 es and measured 
values. 


6.3.4 Combustor System 

Even after, repair, the combustor should have lOO percent efficiency. 
Whi.l.e the direct effect of combustor deterioration on -performance- is 
insignificant, the indirect effects-are major. Changes in radi.al and. 
circumferential temperature patterns in the combustor exit gas affect 
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clearances, and. a host of other- mechanical shape changes In the 
turbine,, as wen as. turbine dur a b 1-1 Ity., 

When the combustor Is repaired, the. dimensions, and particularly the 
cone 3ngle, should be restored. The fuel nozzles Should also be removed 
and cleaned. The potential that. cumulative damage even with repalr> w111 
reduce the structural stability of the combustor front end suggest that 
the combustor not be -used beyond the third Installation. Turbine 
durability and^ perfonaance losses can be traced to variations In. 
combustor repair practices. More precise definition of which dimensions 
are tlie most critical. must await further testing. 

6.3.5. H 1 gh - P res s ur e TUr b1 ne 

The deterioration of the - performance of the hlgh-^presSure turbine 
appears to be dominated by tip clearance changes and the second-stage 
vane inner shroud leakage. 

Blade tip wear of first-stage turbine blades correlates with Initial 
build clearances and build standards with respect to blade length.. 
Control of first-stage blade length by hand selectton or drum grinding 
to_a . constant diameter Is recomn ended. The outer airseals should be 
offset ground to the requirement set forth . In the. Overhaul Manual. The 
^ should be set to 0.073. +O.O02 inch. The secondi-stage. 

bl ade- cl earances should be set to the nominal dimension, and the 
second-stage vane Inner foot dimensions should be set to the tight side 
of. the tolerance band. 

6.3.6 Low-Pressure Turbine 

Slade tip clearances are a major cause of low-pressure turbine 
det 6ri ordti on • RGbuild standards which dllow largGr tip clGardncGS-, 
cause an increase in postrepair, performance deterioration.. The ring 
seals of the low-pressure turbine are very responsive to temperature 
changes.. Hot shutdowns will cause rubiiing and performance loss due to 
the rapid contraction of -these seals. , 

The. performance penalties for increased tip clearance are larger in the- 
third stage (fi rst 1 ow-pressure turbi ne stage) than in. the sixth stage. 
The tip clearances should be kept to nominal dimensions, particularly 

fourth stages during rebuild, and platform soldering 
should- be eliminated by vane repair when, the . 1 ow-pressure turbine is 
oeeriej for other reasons. 
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6.3.7 . Rebuild Standards 


Rebuilding an engine to the manufacturer's recommended standards is. 
essential , to achieving Optlmun performance recovery. The historical 
data study indicated that the TSFC recovery was ’less than that which 
was possible with recofimended rebuild standards. Similarly with the Pan 
American engine repairs analyzed in the current study, there were 
numerous cases, where shop production schedules required module 
"swapping" and did not ' allow time for modules, and engines to be 
completely restored. This procedure Is illustrated in Appendix C. 

The Pratt & Whitney Aircraft JT9D Overhaul Manual and Repair Manual 
were originally developed with the objective of prolonging the useful 
life- of parts to reduce maintenance costs on the basis of structural, 
and safety criteria. The changing realities of higher fuel costs 
suggest the need to revise, the manuals to provide information 
concerning the Impact of various repair practices on fuel consumption, 
such that each, operator can determine the. trade-offs between fue.l. 
consumption increases and maintenance cost increases. 

Thus, It is recommended that the operators follow the current Pratt & 
Whitney A1rc>*aft recomnended repair practices until the results of this 
Diagnostics Program are used to revise and refine those practices. 

6.4 DESIGN CRITERIA 

6.4.1 Int.oduction 


The results of the analysis of the historical data, in parti cul ar the. 
pants inspection results, and the Pan American 747SP in-service engine 
data have provided detailed information from which recommendations can 
be made for specific design, and development actions.. These 
recommendations are presented in this section, and are grouped below 
according to the three operation-related generic causes of” 
deterioration. These causes are: the effect of flight loads on. engine 
clearances, erosion and impact, damage, and thermal distortion. 

6.4.2 Flight-Load-Induced Losses 

The increased diameter and tighter running clearances of current high, 
bypass ratio turbofan. engines have increased the sensitivity, to the. 
effects of fl ight -maneuver -loads. Historical and current engine studies 
have shown that, there is- a performance loss during the first, few 
flights relative to production engine final acceptance test levels. The 
most li.kely cause of ' this performance loss is change in engine running, 
clearances caused by either thermal or flight load conditions not 
experienced, in the test stand environment. Analytical studies of the 
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effects of flight loads have indicated . that the typical first- flight 
load conditions could cause a loss of 1 percent in TSFC. Projection of 
the increased level Of flight loads that might be experienced as 
service time increases suggests that the initial level of loss could 
increase another 1 percent in TSFC by the time 3000 flights have been 
completed. The results of these analtyical studies are reported in NASA 
CR-135407 (Ref. 3). The initial 1 percent TSFC loss may occur in the 
airplane acceptance testing and delivery flight and, thus, may never be. 
seen by the airlines. However, from a technical standpoint, this 
initial loss represents a real loss of engine performance that might be 
avoidable if the causitive factors were addressed during the original 
engine and installation designs and might be recoverable or avoidable 
in current engines by development of appropriate modifications. 

The flight-load-induced deterioration occurs in all of the modules; 
however, the major impact is in the fan, lew-pressure compressor, and 
high-pressure turbine. The increased gas-path clearances are caused by 
a combination of mechanical effects, namely, steady state and transient 
aerodynamic -loads, gravity forces, gyroscopic effects, and engine 
transients, all of " which tend to move the rotating blades and seals, 
relative to the stationary case-mounted seals. The resulting rubs open. 
the gas-path clearances. The losses for the most part are estimated to. 
occur early in the engine, life and shortly after -engine rebuilds. 
Future engines and engine installations should address these flight 
load effects. 

Further effort is in order to determine how engine thrust and 
externally induced, forces can be more effectively transmitted through 
and around the engine. This achievement' would permit retention of 
running clearances and lower rates of deterioration. 

A Simul ated. Aerodynamic Load Test program has been initiated to measure 
and evaluate the effects of simulated aerodynamic loads on gas-path 
clearances. This program will significantly improve the understanding 
of the short-term deterioration problem and. provide guidance for 
evaluation of potential solutions. 

6.4.3. Performance Loss Due to Erosion 

Erosion is the wearing away of airfoil and seal surfaces by the 
impingement of foreign matter, in the gas path, and thus, occurs 
primarily during ground and near-ground operation. The extent of 
erosion damage is,, therefore, a function of the number of. take-offs to 
which the engine is subjected and the conditions at the airports 
served. Erosion reduces engine performance in two ways. It blunts and 
wears down .airfoils, thereby reducing their efficiency, and it wear5. 
away blade .ends and seal surfaces, resulting in increased gas-path 
1 eakages . 
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The docurnented effects of erosion on compressor airfoils and seals 
support the need to improve the erosion resistance of these parts The 

are ^1? sintered metal materials 

rnt In Candidates that should be assessed. Elimination of the squealer 

deteriminp ff fl rt blade should be examined to 

tpm "luhJ/ be done without structural life loss.. In the long 

material changes or the development of erosion. 
IS coatings for application to both static and rotating airfoils 

developent of suitable erosion resistant coatings is 
estimated to have tiie most ” 1 ikel ihood of early success within 
reasonable levels of cost. Based on the damage rates and estimated 

for the high-pressure compressor airfoils 
l»4isure »PPH=>t1on in the fan and 

IJ* sp'penfpg of candidate coatings will take some period 

of time, and service evaluation testing Is required prior to^ wide 

spread use of airfoil coatings for lirfomanje Tetentlon. Act w 

programs currently exist In both areas on other Pratt & Whlti^ 

JT8D) and have been initiatied on the JT9D. 

reol ace^^^^o?^^ periodically refurbish, 

replace, or recoat airfoils and seal materials. The ootentiai 

improvOTent from coatings and new seal materials is -at least 'a 5Q 

percent increase in the performance life of these oarts with an 

optimistically 100 percent- increase. _ parts, with an 

The control of the. quantity of erosive material that enters the 

COTpressor thorough the use of passage shaping is a. possibility for 

The-size of. the particles that cause the 
bulk of the erosion damage are estimated to be such that passage 
s^ping may have little effect. The use of boundary layer bleeds t^ 

at positions where it tends to concentrat^ 
may have a somewhat higher probability of success. These areas will 
require extensive research and should be investigated until sufficient 
infomation is available to evaluate both feasibility and 
such concepts. For current in-service engines, 
ch^.iv? K 1 °^' compressor • hardware should be monitored and airfoil ^ 
scheJule accordance with a planned engine maintenance 

6*4.4 Thermal Distortion Effects 

effects are primarily twisting, bowing, and 
soldiering of turbin^. vanes which results from the basic temperature , 
stress environment of the. turbines and changes to that environment. 


and 


These turbine environmental changes a7e caused by 
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levels and profiles. The resulti na^nr^plJa temperature 

and Increased leakages reduce h^of tn" losses 

efficiencies. ^ — neauce high- and low-pressure turbine 

deterioration ^a%eTr”\o'^cause*^^rad^T^ combustor 

temperature patterns Into the circumferential changes In 

temperatures above the deslan leupic^^ J?c elevated metal 

of turbine parts. Turbine vane bow Vpcnffc thermal distortion 

control the operating lines of thp r^n ^ changes which 

and - vane tXt fhe curl.^ 

ci:ir1n^Td^u;^^tTS~ /u^nt^g 

1n=.e«e clearances dee 

Component and engine^ testlnj^ is re^qulred to changes, 

importance of - these var 1 abl es ^ nVi ol ^ ^ant f y t he rel atl ve 

recomnendatlons for design criteria ?haSLc ^°Tk definitive, 

coking can.be mlnImIzeTby perTodTc 

procedure is very effective for rmouinn^ /^^^ 
periodic cleaning ^^^^d iVl^Te^ss^^\’n 

6.5 RECOMMENDED PROGRAMS 

6.5.J, Introduction 

The completed efforts in the NASA 
have- accomplished the -toll owing; 


JT9D Jet Engine Diagnostics Program 


esL•™aUd*^^:Zg:t°;““^llcfcSeTsTtu^^^^^^^ 

usage, ^ ® tunctioo of engine 

clearances Tnd estab Ished thV. f£!^ 

loads ^ost llRelfi^lJlasrwm ‘usage. ^”3ht . 
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0 Identified the relative Importance of - each deterioration 

mechanism In each module as a function of usage. 

0 Developed analytical models for use In predicting and 

understanding the deterioration of the engine and engine 
modules as a function of usage. 

0 Identified deficiencies in . the current, _m der . st , a nd1ng of 
specific deterioration Issues. 

On the basis of these findings, several additional efforts or tasks are. 
tecommended. .These r.ecommended tasks are discussed in this section. 

6.5.2 Flight Loads Test Program 

The estimated flight-load-induced effects on gas-path clearances are a 
significant cause of Increased fuel consumption with usage. The 
Simul at ed 'Aerodynamic Load Test program has been Initiated to increpe 
our knowledge of these effects by measuring the Influences of simulated 
aerodynamic loads on the gas^path clearances. This program, however, 
cannot measure the Influence of transient loads which would te caupd 
by wind gusts, hard landings, and flight maneuvers. To thoroughly 
understand the effects of flight- Induced loads on the engine/ nacelle 
structure and on the various running clearances, a . flight test program 
is needed and reconmended. This program would require Instrumental on 
of JT9D engines on a 747 airplane In Inner and. outer wing pop ti op 
using. Instrumentation concepts Investigated during tip "Fepi-bility 
Study of'Measuring In-Service Flight Loads" (see NASA CR?*135395) 

4) and derived from the Simulated Aerodynamic Load Test program._This 
instrumentation wouLd include: . 

0 Fan, fourth- stage low-pressure compressor, and first-stage 

high-pressure turbine tip clearance instrumentatlmL. 

0 Expanded PIC engine-jerf ormanca Instrumentation; 

0 Velocimeters and accelerometers on engines, pylons, and 

airplane center of gravity (CG); 

0 , Pressure transducers in the engine Inlet cowls. 

Thus, forces, accelerations, clearance changes ,_and performance changes 
could be. measured. 

This program would supplement the Simulated Aerodynamic Load. Test 
program and provide the. necessary information to fully quantify cause 
and effect relationships. 
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6.5,3 Fan Engine Test at Altitude 

A number of Perfomance detjl^ t 'SrS 

S5lnt1fTed‘wUb'"fhf a«nfbirdata. These perfomance deterioratfon 
effects Include: 

« ThP soecific effects of erosion Induced roughness and/or 
bluntnSs on fan airfoil efficiency and flew capacity. 

Tv,a y*n.mhnpss effect on fan/ lew-pressure compressor flow 
° choki/ig ?n the. low-pressure compressor inlet guide vanes. 

0 The precise effect of fan and low-pressure compressor module 
det er 1 or ati on at al ti t ude . 

0 The effect of specif ic _deteri orati on mechanisms on off-design 
performance. 

?uft“e test stand at ^ d^^^^ 

?°^tirtr‘:eas^%'ihe 

influence on the. the effects of different 

Sr^echln^s TcinXrt detli orati on and engine perfomance at 
cruise aLtitude. , 


Engine Diagnostics Program for Use by Airlines 


6.5.4, 

The earlier studies and this stud^y reSir^ practicL!^t^^^^ 

current performance monitoring, diagnosti^ and J^®P® P of the 

afr^fnes are not achie.ving optimiji &. 

"JT9D Module Performance engine diagnostic 

Whitney Aircraft, could improve^ the tefng revised to 

capability. This computer an^alysis uncertainties, 

incorporate further- refinements in .ainline 

caused by based on the knowledge gamed and 

S;^l2°galSe§\^?™';hrs'o"9D"rEV\T4 OU^ostics Program. 

Further ref inment of the «"9'"e ?oiiwln?Vhe°corpletVo^^^^^ 

??fg’rL»'^ror ‘St-pfa^n” nt^anoe based on 

perfomance calibrations and. historical data on each engin . 
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SECTION 7.0 - 
CONCLUSIONS 


The in-service. eng1.ne. performance deteriortion investigation was the. 
second phase of the- NASA JT9D Engine Diagnostics Program to be 
completed. The performance data collected and analyzed included, flight, 
special ground test using a Plug-In Console (PLC), and test stand 
prerepair and postrepair performance. cal 1 brat ions. The in-service fleet 
of 32 JT9D.-7A (SP) engines in Pan American's fleet of 747 Special 
Performance aircraft were selected for this investigation. Analysis Of 
these Improved data resulted in a refinement of the preliminary 
perf.ormance. deterioration models and conclusions. It would be improper, 
however, to conclude that. a simple direct analysis of the data from any 
one of these three data systems would provide a sound basis for a 
comprehensive understanding of performance deterioration levels and 
trends in an engine. Therefore, further refinements of the models and 
reconmendations are planned upon completion of other current and 
on-going program efforts.. 

There are a number of major points .that could not be resolved from the 
available data. TJiese .poi nts were: 

First - The necessary data accuracy in individual engine flight 
perfonmance deterioration levels was not and cannot be achieved with . 
the. installed airplane measurement system. There are several reasons 
for. this limitation. The installed performance measuring system and . 
instrumentation is not sufficiently precise to permit identification of 
individual engine performance changes. Nonuniform airplane.-related 
effects on the four engines, and . possible deterioration in airplane 

systems, affecting the engine, appear to influence the flight 

performance data. 

Second - The. analyses of the -historical and in-service JT9D-7A(SP) 
engine data suggest that the various deterioration mechanisms may 
influence performance ..differently at altitude than at sea level. Thus,, 
the effect of changes in module condiJtion on the cruise performance of 
a new. or deteri orated .ongine may have a different influence than on the 
s,ea level performance of that engine. The central question that applies 
to deteriorated engines is the effect of efficiency and flow capacity 
changes in deteriorated fan and . low-pressure compressor modules on 
cruise TSFC. . 

Third - Since, reduction in fuel flow at cruise, where-most fuel is 
burned, is the obvious goal, further efforts are required to develop an 
understanding of the cause and effect relationships in module.- 
deteri oration and their rela.tionship to engine cruise performance 
deterioration. 
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Jf® <5ng1ne study was conduct^id concurrently with. the normal 

f maintenance of the Pan American 747 SP airplanes. 

inH Jm!" doll6Cted with airplane- Installed 1nstrument.at1on 

and With various airplane systems Influencing engine operation. PIC 

a^>"Plane was available between, 
scheduled flights. Expanded Instrunentati on prerepair tests were 
conducted .when a repair schedule permitted and when the. engine was 

still In satisfactory condition prior to repair. Engine repairs 

Invo ved extensive swapping of refurbished and partially refurbished 
modules to minimize the engine repair "turn-around" time. Thus, the 
program was conducted In a realistic operating environment. However, 

that Influenced the data obtained.. In general * 
the flight data was useful in defining airplane average engine 

f dent if vino accurate datai source in 
Identifying individual, engine deterioration., trends and levels. The 

test-stand testing provided the most accurate measurement of engine and 
module performance and performance changes. However, the accurate 

Perfomance with 

andlaHbratfon prfces^ accuracj!^ the test-stand 1 ns tr^sent alien 

understanding of engine performance, 
deterioration required^ in-depth .analyses of the three data systems 

resu] h and, finally, a comparison -of the 

results with the h.istorical data study results, with the proper 
judgemental weighting of each. 

From these analyses, it can be concluded dihat there is no single prime 
cause of perfonnance deterioration in the JT9D engine. The results, have- 
shown the relative dominance of low-pressure compressor and 

high-pressure turbine deterioration in the short term. However, fan 
high-pressure compressor, and low-pressure turbine deterioration, 
increase at a_steady rate with, usage. 

Furthermore, it would appear that flight testing of theairplane by the 
manufacture prior to delivery to. the operator does have a 

r^uUc deterioration of the engines. The 

^^®r® ^®"’® engine deterioration due- to 

production airplane testing, it was no more than a spare engine might 
incur in the first few revenue flight cycles. . ^ 

1.1 OVERALL ENGINE P£RFORMANCE DETERIORATION 

t^’® degradation of the. 
htn engine parts. TJie causes for the . degradation in 

mechanical condit.ion may be categorized into four areas; 


0 


Flight loads, which cause distortion In the. engine cases and 
produce changes In rotor motions with respect to the cases, 
the sum of which causes the rotating blades to rub against the 
seals. The resulting wear on both blades and seals opens gas- 
path. cl earances. 

0 Erosion of airfoils* and outer air seals, causing increased 

roughness and bluntness, loss of camber, and loss of blade 

length In airfoils plus the loss of seal material. These 
effects result in reduced airfoil efficiency and increased 
blade- to- seal clearances. 

0 Thermal distortion .of turbine airfoils and cases, caused by 

extended operation in a high temperature environment plus 
increase? In average -temperature, and temperature profile with 
use. This distortion results in flow, area changes, increased 
secondary flow leakage, _and Increased gas-^path clearances. _ 

0 Operator repair practices and rebuild standards, which 

influence the degree of. performance restoration achieved 
during repair and the rate of- subsequent performance 
deterioration. 

The probable role, of each cause of performance deterioration as a 
function of usage has been quantified at both the overall engine and 
the module level 

7.1.1 Short-Term Deterioration 


Estimation of engine performance loss based on sea level. PIC 'data 
indicates that significant losses occur very early, followed by a more 
gradual loss over the longer term. A TSFC loss of 1 percent occurs 
within the first 50 cycles,. Increasing to 2.2 percent by 1000 cycles. 
The rapid early loss is due to wearing-in of seals and resulting 
operating clearances; the longer term loss results from cold .section 
erosion, further clearance increases, and thermal distortion. 

TSFC' loss, in the rirst 50 cycles is dominated, by low-pressure., 
compressor and high-pressure turbine deterioration with smaller, but 
signficant, contributions from the fan and. high-pressure, compressor.. 
Over* the short term, TSFC losses are nearly equally split between -the 
hot and cold sections and between the high- and low-pressure spools. No 
significant difference In engine deterioration trends due to wing 
positioriJs- apparent from the data obtained. 
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7»1.2 Long-Term Deterioration 


The 747SP/JT9D-7A(SP) engine prerepair test-stand data "fills the 9 a p 
between the PIC data for short-term deterioration results and the 
airline historic test. stand prerepair data for long-term deterioration. 
These test-stand data also represent a better controlled data source 
and one in which there Is less uncertainty as to module age,. _s1 nee. 
almost all prerepair data represents modules that have had no pnlo|" 
repair. The in-service engine data show an average- prerepair TSFC 
deterioration at 1500 cycles of 3.7+0. 7 percent, relative to new 
production eng1ne_level .. 


Postrepair data for In-service engines show an average TSFC. 
deterioration at 1500 cycles of 2.7+0. 7 percent, relative to new _ 
production engine . level . The . 1 percent average TSFC recovery during 
repair represents mostly high-pressure turbine perfomance improvement 
for these moderate time engines. The balar^ce of unrecovered perfomance 
losses represents residual unrepaired module damage, particularly in 
the cold section modules. In some cases, modules have been "swaged - 
from one engine to another. In many cases where module refurbishment 
has been perfomed, previously refurbished modules from other engines 
have been incorporated. In some cases, postrepair TSFC for individual 
engines is. worse than for. prerepair as a result of deteriorated modules 
from other engines being incorporated during the repair.. As a result of 
these practices., plus the varying levels of rework perfomed during 
repair and breeder build clearances, optimum performance recovery was 
not achieved. 


7.2 FLIGHT PERFORMANCE DATA 

In-fliqht calibration and ECM data .have proven to be of limited velue 
in evaluating engine deterioration* ECM -trend curves start at. about 50 
cycles, and in-flight cal ibrati on .^lata begins at about 20 cycles, so- 
neither "type of data provides any information about short;- tern engine, 
deterioration. Nor can any conclusions be drawn concerning individual, 
engine deterioration trends o.ver the long tern because- of appreciable 
scatter in ECM and in-flight calibration data. Deterioration averaging 
for the four engines on an airplane eliminates a considerable- amount of 
scatter, suggesting that airplane, systems (for. example, nonunlfom 
bleeds) may be influencing individual engine trends. Thus, the 
usefulness of ECM and in-flight data is limited to indicating gross 
average long-term deterioration trends. 

An average altitude cruise- deterioration trend synthesized from PIC 
data shows good agreement, with. average ECM and. in-flight trends over 
the long-term when ECM data are referenced to a 100-cycle base line. In 
addition, since PIC data are collected from zero time. It shows the 
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absolute niagnituc16 
flight data aloiie. . 


d£_ deterioration which cahiiot be obtained from 


r.3 PERFORMANCE RrCOVfRABIUTY 


Analysis . of. 

uvl^of 

+ 3 ^ 0 ^percent for the historical data study results.. 

Analysis conducted to 

historical levels less than 2 

n6W production ongine pfi ctahilizGd long-terni flGGt average 

percent could be achieve performance recovery would require 

basis. Achievement of this level op section rework, consistent 

that attention, be 9^ven to Per odic^ parts The fan leading edge, 
with the Pe'^torjance 1^ cold se^t P^^^ attention must be given 

must-be reworked periodically, and w clearances, during rebuild. 

,Uo to. the. ‘“['’’b™ la?efultr controlled, and the 


7.4 deterioration MODELS 


The "average JT9D'' d^ata trends from 

been shown to agree well i- iT9D-7A(SP) engine airline test 

PIC data analyses and h^-stor-ical and individual 

stand, deta. analysis. When co"S’der.ing jndividu^^^^^^^ expected. 

airlines, /JJj^fJj^^l-learS^ces vary, resulting in different. 

Individual engine ’"’ti al build, cl ear an deterioration. Individual 

production, performance levels Once engine rework has begun.,. 

engine Service experience also differs, once 

the extent of individual module i ,,,,i.ipq it difficult to project 
prerepair- RC'^f ''*’'\dvp°"rvrl ic aoe" ^ upon which the model is 

"equivalent unrepaired module continue to be refined as 

based. It should be noted that nArtIcular, further jwork^ 

additional, inforaation Aerodynamic load 

ejects and sho^enn 

deterioration trends is planned. 
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APPENDIX A 

EFFECTS OF BLEEOS-ON VERSUS BLEEOS-OFF OPERATION 
ON FLIGHT. TRENDS 


It has been previously, indicated that airplane systems 

the repeatability of data obtained during cruise operation^ on a 

fl 1 ght-±y-f 1 i ght ^basis . This was parti cul arl y e vi dent with 

N536PA where ^wide variations in fuel flew were potej 

Snes over a g%en period of time while the total fuel, flew being 

used bv all four engines .remained fairly constant. ^ ' 

Fiaure A-1 which presents change in fuel flew at constant EPR versus. 

ulwrin flight base fuel flow used Is the average f^ 

fiS of the four mglnes at 90 flight oyoles. It =an.^a ’ll 

four engines maintain the same 

cvcles shifts have occurred with the positions 1 ^ 

^xhibi^ing a dec^^^^^^^ fuel flow of approximately 1 percent while the 

nncl? 3 and 4 enqines exhibited an increase of about the same 

amwnu HweSl the. Lrage fuel flow aoross the wing does not change; 

s.ignificantly. 



Figure A-1 In-Flight Calibration of Fuel Flcw-Change as a Function of 
Mgure_A^__i Mach 0.85, 35,000 Feet Altitude, EPR = 1.40 - 

wfde variations, in fuel flow are. shown, fer individual- 
erlginer.while the total, fuel flow for alJ_fCi«i_^i nes 
remains fairly constant. 
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since these large variations were not noted during the sea level PIC- 
testing which was accomplished with bleeds closed, one possible 
explanation for fuel flow variations Is bleed hogging by one or two 
engines., that Is, most or all of the service bleed air Is being, 
extracted from one or two engines with very little air being bled from 
the rOTainIng engines. Bleed hogging by one engine or the engines, on 
one side of the airplane can be caused by one or a combination of 
effects. These. effects Include: . 

0 Differences In engine performance. 

0 Improper oper atio n of one of four pylon-mounted, bleed control 
valves. 

0 Improper operation of one .of two w1ng-mounted bleed Isolation 
val ves . 

0 Leakage anywhere In the bleed system or pneumatic system.. 

The "differences In performance" -effect was the. only one of the above - 
effects which we were able to Investigate during this program. As part. 
of the In-flight calibrations on both airplanes N536PA and N537?A, 
additional calibrations were conducted with the pylon-mounted control 
valve closed on..one engine at a time such, that It would provide no 
bleed air over- the full power range. A typical comparative plot of. 
fuel flew versus EPR for engine P-695760 (position 1. on airplane 
N537PA) for bleeds-.on and bleeds-off operation is. shown- in Figure A-2. 
In the bleeds-oo condition, the engine Is sharing ..the bleed air 
requirement with the- other three engines.. As seen at low EPR values,, 
there is no fuel penalty due to bleed, inferring that the engine is 
providing no bleed air. Conversely, at the hi-gh EPR settings, the fuel 
flew penalty due to bleed air is greater than 3 percent. Bering these 
cal ibrati ons ,. when the. .positions 1 and 4 engines operated at low EPR 
settings the positions 2 and 3 engines operated at high„EPR and vice 
versa.- Therefore, when the position 1 engine ran . at low EPR, with 
bleeds on, and apparently, provided no bleed air, the. positions 2 and. 3 
engines ran at high EPR and provided all of the bleed air. From this 
nonunlform bleed sharing effect. It can be concluded that when 
operating four engines,. all, with bleeds on, those which are developing 
the highest, pressure at the el ghth-stage. bleed -position are delivering 
the higher proportion of the bleed, flow. That is . the be tter 
performing engi nes ta ke the greater fuel flow penalty. 

When the eff.ects. of uneven pressure drops across the two sets of valves, 
and pressure drops caused by local leakage are added, to the nonunlform 
bleed sharing effect described above,, the wide fuel flow var1..atjons 
shown In Figure A-1 are understandable. 
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Figure A-2 Bleeds-On/Bleeds-Off Cotiparison f.or the Position 1 Engine 
on Airplane N537PA - Bleed flow penalty is a function.-.at 
relative pressure at the eighth- stage bleed port. 


APPENDIX B 


EFFECTS OF FAN AND LOW-RJ^ESSURE COMPRESSOR 
LOSSES ON ENGINE PERFORMANCE 


INTRODUCTION 

This EDDendix presents the res.ults of analytical studies of the effects 
of flS^ capacity 1^^^ in the fan and low-pressure compressor -on 
fngi^^e per^^^^^^ iSsses at both sea level and altitude conditions^ 

FAN ROW. CAPACITY LOSSES . 

Early fan deterioration_occurs because^ of increased f?S 

to flight load-induced, deflections and involves a loss in fan_^ 
capacity and efficiency. Fan flew capacity loss is ' 

i“ *s sr.'x."s 

temperature is reduced, to hold constant engine pressure^ >^atio (EPR) . 
tlSeraure''?EGf) and^^eJS^ed^f uel "fl'w^'wfT. FfguX%- 1" shows' t^ 

i ns » r 

capacity loss at cruise and climb conditions than_at take-on. 

At constant thrust conditions, which should 

evaluations of thrust specific fuel consumption (TSFC), the BPR 

decrease which results from loss In fan tl^W' ^P^cU^^ 

slight decrease in fan airflow. At sea level static take-off, there is 

comprffi^r rf*c 1 eKy‘*lVprovem^^^^ as^^resuH 

line, and TSFC decreas.es slightly, as shown, in Figure Vhe Van 

foS35r,rps."wHe‘n“ „r^apa?{frVs^o's^^f 4 

increases, the fan is dt'iven even -further toward choke.- The, r.esult is 
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a significant loss in fan efficiency. Although low-pressure compressor 
efficiency improves at cruise and climb power as a result of a loss in 
fan flow capacity, the loss, in fan efficiency is much greater in 
importance. The result is a significant penalty in cruise, and climb- 
TSFC for a loss in fan flow capacity, as shown in the TSFC comparison . 
of Figure B-1. For 2 percent fan flow oapaoity loss (typical- 
deterioration for high- time fan blades), there is about 0.5 percent 
improvement in sea level take-off TSFC, about 0.6 percent TSFC penalty 
at maximum cruise power at altitude, and about 0.8 percent TSFC penalty, 
at maximum climb power. For 4 percent flow capacity loss (extreme fan 
deterioration), the TSFC penalty at maximum cruise and maximum climb 
power is much greater than twice the penalty for a 2 percent Toss. In 
other words, the penalty is nonlinear with flow capacity loss. 
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Figure B-1 Effect of"" Fan Flow. Capacity Loss on JT.9D Performance 
Parameters Increasing flow capacity loss, results in a- 
significant penalty in cruise and climb.TSFC, although fuel 
flow at constant EPR decreases.. 


L0W-PRESSUR.E COMPRESSOR FLOW .CAPACITY LOSSES 


Flow capacity for the low-pressure compressor of the 0T9D engine has an 
important influence on engine performance, especially, at rated power 
(clJmb/ cruise) at altitude. The importance stems from the sensitivity 
of the low-pressure compressor operating line to flow Capacity Change. 
Low-pressure compressor flow capacity is influenced by tip clearance 
changes that occur during_ service use. Deflections an.d_reSulting rubs- 
from the application of flight loads, together with erosion* ca.use 
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rub-strip wear and tip clearance Increases. This condition, 1n turn, 
causes low-pressure compressor flow capacity loss. Loss In 
low-pressure compressor flow capacity causes the compressor operating 
line (pressure ratio at a given corrected flow) to drop In order to 
match the high-pressure compressor corrected flow demand., Th1s*lowered 
operating line results. In less' core flow, higher bypass ratio (BPR), 
Increased exhaust gas 'temperature (EGT), and perlormance loss becai'se 
of compressor efficiency loss. Efficiency loss results from 
unfavorable Incidence angle changes and higher Internal Mach numbers. 

The Importance of low-pressure compressor flew capacity loss .Is greater 
at altitude rated power- than at take-off power because the compressor 
operates at higher-specific flows and Internal Mach numbers at. altitude 
than, at' take-off. As low-pressure compressor flew capacity Is lost, 
the compressor Is driven further toward choke. The result Is severe 
depression of the operating line and efficiency loss, particularly at 
climb power. - 

Figure B-2 shows the estimated effect, of 2 and 4 percent low-pressure 
compresssor flow capacity loss at. sea level static take-off power and. 
at Mach 0.84, 35,000 feet altitude maximum cruise and maximum climb 
powers. The computer simulation of the. JT9D engine, which was used for 
all of the test stand deterioration analyses of the historical and 
JT9D.-7A(SP) data, was used to estimate the effects of the flew capacity 
losses. The method of modeling the low-pressure., compressor flow 
capacity changes is presented In Reference 1. 


MAX AT MACH 0.84, 38,000 FEET 

MAX CLIMB POWER (MCU 1 
TAKE-OFF POWER (T/0) AT SEA LEVEL 



FLOW CAPACITY LOSS (%l 


Figure B-2 Effect- of Low- Pres sire Compressor Flow Capacity Loss on . 

JT9D Performance Parameters - The sensitivity of 
low.-pressure compressor flew capacity loss Is not constant 
but increases with the magnitude of the flow capacity loss. 
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As shown In Figure B-2, a 2 percent flow capacity loss (corresponding 
to typical low-pressure compressor tip clearance Increase rat about 2000 
flight cycles) results in about lOOC E6T increase at take-off ERR. 
0,3 percent TSFC increase at constant take-off thrust, and 0.6 percent 
TSFC increase at constant maximum cruise power. Note that fuel flw; at 
maximun cruise power is up about 1.7 percent, much greater than the 
magnitude of the TSFC increase at maximum cruise power. The reason, 
that the fuel flow increase is much greater than the TSFC increase is 

that the flew capacity loss results in a thrust increase at constant 

ERR. It is worthwhile noting again that altitude fuel flow, 

measurements would Idc a poor indicator of engine -TSFC in this, case, 
because the fuel flow change would indicate an engine TSFC 

deterioration level nearly three times as. great as the actual 

deterioration. 

If the lew-pressure compresssor clearance increase is worse than 

average, as indicated by the 4 percent flow capacity loss bar. in Figure 
B-2, the performance losses are -more than twice as great as for the 2. 
percent flew capacity loss.. In other words, the sensitivity of the 
l(w-pressure compressor to flow capacity loss is not constant, but 
increases with the magnitude of the flow_jcapacity loss. 

SUMMARY 

It should be noted that in-fl ight fuel flow measurements at rated power 
setting are . a very poor indication of changes in TSFC at constant 
thrust, for fan deterioration as well as for low-pressure compressor* 
deteri orati on._ In the case of fan flow capacity loss, not only are the 
magnitudes of the two parameter .changes different, but the directions 
are reversed. 


APPENDIX C 

MAINTENANCE DATA COLLECTION 


summarizes the maintenance, data which was collected on. 
the 22 Pan American JT9D-7A(SP) engine repairs"' for which prerepair 
and/or postrepair tests and detailed analyses were conducted. It also 
presents a typical description of one of these 22 repairs. 

Table C-I lists the maintenance actions by engine serial number and 
engine removal date. It also lists the removal number, when the engine 
was repaired, who did the repair, and. the type of repair.. _ 


These engines received either a Standard 1 or Standard 3 repair. A 
Standard 1 repair Involves all major engine modules Including the. fan 
and diffuser/combustor.. The Individual modules may be refurbished' per 
Standard 1 requirements during the repair action or may be replaced by 
other modules which have previously been, refurbished. Module 
refurbishment generally Includes replacement of air seals. Blades and. 
vanes are either reinstalled . as Is, repaired, or replaced with new 
airfoils, depending on the observed condition and/or - age. The 
reassembled modules must meet a set of build standard measurements, 
prior to^ acceptance. A Standard 3 repair Is essentially a hot section 
repair with 1 Imited. 1nspe„ct1on of the fan and low-pressure compressor.. 

Table C-II si^arlzes all ot the repairs w1th_total time on the engine, 
time since the last repair,, and prior removal cause. It also Identifies 
the modules in the engine at the time of .repa1r,„the type of repair, 
and which modules were repaired. ^ 


Attachment C-1 Is . a 
Including a listing of 


description of a typical maintenance., action 
pertinent build-up clearances. 
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TABLE C-I - 

PAN AMERICAN 747SP/JT9D-7A( SP) ENGINES 
WHOSE REPAIRS WERE ANALYZED 


Engl ne 
Serial . 
Number "■ 

Removal 

—Number 

Removal- 

Date 

Repair- 

Completed 

Repaired . 
by 

Repair . 
Class 

686047 

1st. 

11-6-77 

12-8-77 

PA 

Std. 3 

686748. 

1st 

12-21-77 . 

2-15-78 

PA- 

Std. 1 


2nd 

8rl2-78 

9-15-78 

PA . 

Std. 3 

686049 

1st 

9-. 21-78 

1-3-79 

PA. 

Std. 1 

686050 

1st. 

5-17-78 

8-18-78 

PA. 

Std. 1. _ 

686053 

4th 

9-21-78 

11-22-78. 

PA 

Std. 1 

686054 

2nd 

5-1-78 

5-15-78 

PA- 

Std. 3. 

686055 

. 2nd 

8-31r78 

9-19-78 

PA 

Std. 3 

686060 

3rd 

2-9-78 

4-25-78 

P&WA 

Std. 1 


4th 

8-1-78 

8-15-78 

PA 

1st 6V * 

686068 

2nd..- 

9-12-78 

11-13-78 

PA .. 

Std. 1 

686070 

2nd 

5--2S-78 

8-18-78 

PA 

Std. 1 . 

686071 

3rd 

10-6-78 

11-8-78. 

PA. 

Std. 3- 

686083 

1st 

5-17-77 

6-30-77 

PA .. 

Std. 3 


2nd 

7-12-7S 

8-30-78 

PA ... 

Std. 3 


3rd 

11-13-78 

11-22-78 

PA 

1 St 6V * 

686097 

3rd 

10-8-78 - 

10-25-78 

PA- 

Std. 1. 

695716' 

4th 

7-6-78 

9-29-78 

PA . 

Std. 1 

695722 

3rd 

_ 10-23-78 

1-30-79. 

PA 

Std., 1 

695727 

1st 

12-13-77 

1-6-78 

PA 

Std. 3 


2nd . 

8-14-78 

9-16-78 - 

PA . 

Std. 3 

695732 

1st- 

7-10-78 

8-31-78 

PA 

Std. 1 

695745 

1st 

4-20-78 

6-13-78 

P&WA 

Std. 1 


* Re placed First-Stage Guide Vane. . 
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n) Retrofit following use in certification program. 

(2)TSR ? Time (hours) Since Repair. 

Standard 1 is a comolete enqine ref urbi shment; standard 3 is a hot section ref uroi shnent. 
^4) Refurbished C module (HPT) §/N C860.56 was instaJ led. 
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i 1) Planned removal - results reported in NASA CP-135431. 
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ATTACHMENT C-1 

TYEJCAL. MAINTCNENCE ACTION - ENGINE P-695722 

Standard 1 Repair, November 1978 
12. 102 Total H ours; 2135 C ycles 


INTRODUCTION _ 

Engine P-695722 was removed from Position 3 on Pan American 747SP 
airplane N532PA on October 23, 1978 for combustor liner distress. It 
had operated 12,102 total hours and 2135 flight cycles. 

HISTORY 

Engine P-695722 was delivered to Pan American installed on 747SP-" 
airplane N533PA with 41 hours, and 16 cycles in March 1976. .In October 
1977 the engine was. removed due to turbine blade erosion. The. Mod 5 
combustor, fuel nozzles, and high-press.ure turbine were replaced with a — 
Mod 2 combustor, new fue.l nozzles, and refurbished high-pressure 
turbine module C95715. The . engine was installed on airplane N533PA 
where it operated 4768 hours and 848 flight cycles until thi s_removal . 

The fan, low-pressure compressor, high-pressure compressor, and 
low- pres sore turbine were the Original , modul es at the-October 23, 1978 
removal . 

PREREPAIR TEST AND TEARDOWN 

Before teardown, the engine was. prerepair tested at- the. Pan American 
Jet Center in the partial QEC conditin and, as a result, a. Standard 1 
repair was ordered. The engine was Completely disassembled and all 
modules were changed. 

The Mod 2 inner* and outer liners exhibited burn-through of louvers. 
Heavy carbon deposits were noted-in the air caps directly downstream of 
the swirl vanes. 

The._ first-stage nozzle guide vane (NGV) assanbly exhibited airfoil 
trailing edge Cracks adjacent to the outer platform along with burning 
of the inner buttresses. 

The high-pressure turbine was removed, aiid the first- stage. blades were 
retired .due to time. 
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The low-pressure turbine was in generally good condition. The 
third-stage -nozzle guide vanes showed evidence of rub and metal buildup 
on six. vanes. 


BUILD-UP • — 

The Standard 1 rebuild included refurbished fan, low- and high-pressure, 
compressors, combustor, and turbines. The recorded build-up results are 
as folljcw.s; 

Fan - Refurbished blades' and new outer air seals (OAS) were 

installed.. The blade tip/OAS clearancejias 0.108 inch. _. 

Low-Pressure Compressor - Refurbished module A95731 was installed 
with new OAS's. The blade and vane ages were not available, 
however, this module was first removed from engine P-695731 on. 
December's, 1978 with 9824 hours and 2239 cycles on the engine and 
"A" module. The bUde/OAS; clearances were as. follows: 

Stage Clearance (inch) 

2 0.086 - 

3 0.052 

4 0.042- 


High-Pressure Compressor - Refurbished module B86054 was installed 
with new OAS's and repaired... blades. The. blade tip/OAS clearances 

were: 


Stage 

5 

6 

7 

8 
9 

10 


ance (inch) 

Stage 

(Clearance (inch) 

0. 037 

11 

0.021 

0.060 

12 

0.029 

0.059 

13 

0. 037 

0.045 

14 

0.027- 

0. 047 

15 

0.031 

0.039 




Combustor - The combustor module was rebuilt with a new Mod 2 outer 
liner, repaired inner liner, new. cokeless fuel nozzles, and .new 
first-stage nozzle guide vanes. The inner/outer liner fit and 
engagement were. 0.008 inch tight and 0.388 inch, respectively. T e 
first-stage NGV NCA = 29.5. The TOBI flew was 1.319 percent. 


High-Pressure Tjjrblne - Refurbished module C62962 was installed. It 
had a mixture of three different part numbers in the first-stage 
blades whose ages were not available. It had new second-stage N6V, 
with NCA = 23.0, and new second-stage blades. The blade tip/OAb 
clearances were as follows; 


Stage Clearance (inch) 

1 . 0.0715 

2 0.030 (front) 

2 0.0415 (rear) 


Low-Pressure Turbine ^ Module 095738, which was removed from Engine - 
P-695738 on. January 2, 1979 with 8740 original, hours and 1395 
cycles was installed without being disassembled. 


The engine was postrepair tested and failed due to a faulty fuel, 
control. The. engine was then successfully retested with a replacement 
fiiPi rnntrni o n January 30, 1979 and accepted as a serviceable spare. 
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APPENDIX D 

TEST STAND AND INSTRUMEIfr CALIBRATION 

This appendix presents a detailed discussion of the calibration of the 
Pan American expanded-instrumentation test, stand as to calibration 
standards, procedures and. results. It also discusses the uncertainties 
in recorded data and hew the uncertainty values were deterim.ned. 

D.l CALIBRATION STANDARDS 


Pressures 

Wallace and Tiernan, Model _65- 120,. 0 to 100 in. HgA calibrator for Pt7, 
?tk, and Ps3c.. 

Wallace and Tiernan 0 to 1000 in. HgG, gage for Ps4. and Ps5i . 

Wallace and Tiernan 26 to 31.5 in. HgA gage for barometer and Pcd (cell 
depression.)., 

A compressed-air regulated pressure source is used for calibrations. 
The 30 in.. water U-tubes used, for Pt2 and . cell. stati.c...measurements are 
zeroed and checked prior to each engine test. . 


Temperatures 

The chrome! -alumel thermocouple system (Tt3, Tt4, Tt6, and Tt7) was 
calibrated with a Leeds and Northrup Model 8686 mi 11. i volt, source. All 
temperatures were recorded. through a Doric ModeJ 400^ digital indicator 
and Doric .-ten- channel select- switches. The Tt2- inlet temperature 
resistance ^probes and Doric DS-lOOrTS indicator were caXibrated with a 
decade box and resistance harness. The probes were also .checked with .a 
glass-bulb mercur y the rmometer held nex t to the probes. 


Thrust 

The. Balxlwin Lima Hamilton (BLH) 50,000 lb working load cell was 
calibrated against an identical master load cell in the thrust systOT. 
A hydraulic ram supplies the necessary force to the load cell system 
for calibrations. All calibrations were conducted with an engine 
mounted in the test stand. The master load cell is removed-.frcOT the 
load cell system during engine testing. The master load cell and 
indicator were also crosscal ibrated at BLH and Pratt & Whitney Aircraft. 


Frequency. 


The Ml and N2-speed and fuel flow Hewlett Packard HP5214L varaible time 
base counters were calibrated using Hewlett Packard master counter 
frequency generators. (Note: the speed counters were xhanged to Digitec 
Madel 8151 units in September 1978.) 

Fuel Flow . 

The Cox ANC-16 flow meters were calibrated at Pan AmerJcan, using.the 
Cox Instruments Calibrator, and at Pratt & Whitney Aircraft. Pan 
American, has two Cox flow meters available; one is normally employed in 
the J:est stand, and the second is retained as a back-up.^ 

Fuel Density 

The specific gravity measurements were obtained from an in-line 
hydrometer in the fuel line, as well as with a second hydrometer and a 
fuel sample drawn from the fuel . line. No ca.librations of the 
hydrometers were available.. 

D.2 CALIBRATION PROCEDURES 

Pan American, does not employ any written procedures or calibration data 
recording forms for the test stand instrumentation with the exception 
of the Cox fuel flow meters. Typically, the calibration procedures 
consisted of comparing the working instrument to a.reference instrument 
of equal accuracy and adjusting the working instrument until it is 
within the desired tolerance. The reference instruments, are kept in the. 
Instrumentation Laboratory and brought to the test stand when required.. 
The master thrust load cell remains at the test stand, and. the Cox 
Instruments Xal ibrator remains, in the..Instrumentaition Laboratory. 

The absence of "written calibration procedures, particularly with 
respect to data retention, was the most difficult area^ of the 
evaluation. Pan American personnel perform the instriment calibrations 
and report any abnormalities for corrective action. They are. very 
conscientious, concerning the maintenance of the equipment on the test 
stand and in the. calibration laboratory. However,, the procedures 
involving the calibration results are essentially verbal. Written 
records of the calibrations are not normally retained beyond the -date, 
of calibration. Thus, developing uncertainty estimates, for the 
performance measurements was. dependent upon data recorded by Pratt & 
Whitney Aircraft —personnel who were present during the calibration 
process. 


D.3 CALIBRATION RESULTS 


During the program, the Pan American test stand instrumentation was 
subjected to four complete calibtations. On three occasions, Pratt & 
Whitney Aircraft personnel- observed the calibration procedures and 
recorded the data. On one calibration - by Pan American personnel, no 
data were recorded. For -that calibration, it was assumed that the 
instrumentation was within the Pratt & . Whitney Aircraft T.I.S. accuracy 
1 imi ts . 

The results of the calibrations are summarized on Table D-I. The errors 
presented are the average deviations from the calibration standard over 
the range of calibration for each -ijistrument . 

TABLE D-I 


PAN AMERICAN TEST STAND CALIBRATION RESULTS 



Instrumentation, 

May 

Feb. 

June . 

Jan. 

Parameter • 

Range, or Units 

1977 

1978 

1978 

1979 

P breather 

,0 to .40 in. HgG 

-0.44. 

•K).41 


-0.05 

Pt7 

0 to. 100 in. HgA 

-0.08 

-0.05- 


+0.11 

Pt3c 

0. to 100 in. HgA - 

-0.11 

-0.10 


-0.31 

Ps3c 

0 to 70 in. HgA 

-0.02 

0.00 

Not 

Recorded 

+0.02 

Ps5 

0 to 1000 -in. HgG 

-0.55 

+2.00 


+1.00 

Ps4 

0 to 1000 in. HgG 

-0^ 

+1.00 


+1.00 

Barometer 

26 to 31.5 in. HgA 

-0.015 

-0.01 


-0.02 


(All above pressures 

on Wallace 

& Tiernan Jlages)- 



Tt3, Tt4, 
Tt6, Tt7 

Doric Model 400 
Indicator,. OC 

-3 

+1 

Not 

Recorded 

+6 * 

Tt2 

Resistance Sensors, 
Doric Indicator,°F 

+1 

+2 

Not 

Recorded 

+1 

Thrust 

BLH 50,000 lb Load 
Cell lb force. 

“'-60 

-30 

-50 

1 

cn 

o 

Nl, N2 
Speeds 

Hewlett Packard 
Counter, rp 

.+1 

+1 

Not 

Recorded 

+1 

Fuel FI dw 

Hewl ett Packard 
Counter (only), pph 

+1 

+1 

Not 

Recorded- 

+1 


* Zero offs et .corrected_on ^ 
calibrati-on. 
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Actual calibrations were not performed on the Pt2 or cell static 
pressures which were recorded on .30-Inch water U-tubes. The U«tubes were - 
zeroed and checked prior to engine testing. The chromel-alumel 
thermocouple system records- all Tt3, Tt4, Tt6, .and Tt7 measurements., 
through the same Doric Indicator. The Individual temperature parameters 
can be calibrated from the engine location or at the back of the Doric 
unit. The Pan American, procedure has -generally been to apply the 
calibration -signals at the back of the Doric unit over the range of . 
exhaust gas temperature (E6T) (Tt6). Any adjustments • are then applied .on . 
the basis of the E6T calibration. This .procedure Is valid, since all of. . 
the Indicated parameters ar.€ recorded through one Doric unit, but can 
miss any errors that might be Introduced by the stand wiring for each 
parameter.. 


During the period of this program. Pan American, completed modifications 
to the test stand. ..to accomodate RB211 engine parameters. The speed 
measurement systems, which had. employed Hewlett Packard HP5214 counters, 
were changed to Digitec Model 8151 variable time base counters In 
September 1978. Problems were encountered with the new. systems due to. 
wlrlng malfunctions which caused a +60 rpm error In N1 and N2 
measurements. This error, existed duri ng_ September to October 1978 and 
aga.1n In January 1979. . 

D.3.1 Thrust System Callbratons 

The Pan American BLH 50,000 lb thrust system was cal Ibrated. versus a 

60,000 lb transfer standard Interface Force Measurement System, traceable- 
to the National Bureau of Standards. Multiple calibrations were performed 
during the three occasions that the thrust system was availa.ble to Pratt 
& Whitney Aircraft in order to assess the system's repeatability. All 
calibrations were performed as-is, that is, with no adjustments except. 
f or electrical checks of the system's zero and R-cal (span) values. A 

surmiary of the calibration errors (thrust system, output minus applied 
calibration load) are presented on Table D-II. The errors are averaged at 
each calibration point over the total number of calibrations performed. 

The overall average error and the maximum -observed error are also 

presented for each calibration period. 

The last primary calibration of this thrust system performed by the... 
manufacturer. (BLH) was dated September 1976 and Indicated a maximum 5 lb. 
error. The thrust calibrations conducted at Pratt & Whitney Aircraft 
Indicated that In March 1978 the master-load cell errors relative to the 
Interface Standard were negative, while. the other two cal Ibralons showed 
positive errors. The Interface Standard was checked for possible shifts, 
but none was found. 
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TABLE D-II 

SUMMARY OF PAN AMERICAN THRUST SYSTEM CALIBRATIONS 
BY PRATT & WHITNEY AIRCRAFT. 


Calibration 
Load (lb) 

0 

10,000 

20,000 

30.000 

40.000 

50.000 

30,000. 

10.000 
0 . 

Average Error- (lb) 
" " (lb) 


Error, (lb) _ Error (1b) 

June 1977 March 1978 

(2 calibrations) (12 calibrations) 


2 

20 

35 

42 

45 

35.. 


30 

50 


0 

7 

6 . 

1 

-12 

-33 

-18 

•12 

-7 

-7 

.33 


Error Ob) 
January 1979 
(5 calibrations) 

2 

24 

44 

56 - 
61 - 
59 

54 

18 

-3 

35 

95 


Maximum Error 
0.3.2 Fuel Flow Meter Calibrations 

^"’®'"^caVCox turbine flow meters, serial numbers 23275 and 
pp6, were calibrated in the Pratt & Whitney Aircraft Fuel Flow 
Laboratory gainst a Cox ANC-16 11596 reference meter as a secondary 
nandard. The calibrations were conducted with two fluids (Jet A and 
9041) to compensate for viscosity effects. The calibrations produced 

gallon (CPG) versus cycles per second divided by 
Viscosity (CPS/ ^ ) fx)r each meter. (Pan American does not use a 
viscosity correction.) The average CPG values over the 120 to 1200 CPG 
range were used as a basis of comparison since it is the average CPG 
values that are used to determine the preset values for .the Hewlett 
Packard variable time base counters in the Pan American test stand. 
The results of . the fuel flow meter calibrations are shown, on Table 
D-III for meter. number 23275. . 

For meter -number 23275, the calibrations at Pratt & Whitney Aircraft 
indicated a. shift of -0.06 percent of reading for Jet-A fuel and -0.03 
percent- of ^ reading for 9041 fuel. The 1977 comparison of the Pan 

® difference of +0.065 percent of reading 
Aircraft results. The 1978/1979 comparison 
indicated that the Pan American results were higher by +0.16 percent 
Of reading. The Pan American calibrations -alone showed a +0.05_J3ercent 
of reading increase. 
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TABLE a-III 

CALIBRATION RESULTS FIR . COX METER. NO. 23275 

Average CPG. 


Calibration Date 


Type ir 
Fuel 


age 
■Jet-A' 
Fuel 



1518 

1519.2 


1517.0 

1516.1 


1517.8 

1517.3 


April 1977 (Pan Am) 

May 1977 (P&WA) 

December 1978 (Pan Am.) 

January 1979. (P&VIA) 

u O 007 K hAc hppn util izecL by Pan American as the 

... 

The results of the f>«l ^f^Sel SellJ”Ursh«h^:*^^^^^ 

232 76, which was used as a back-up fuel meter, are snuw 

TABLE, D-IV 

CALIBRATION RESULTS FOR .COX, METER NO. 23276 




Average CPG 


Calibration Date 

August 1975 (Cox)* 
November 197.5 (P&WA)* 

Fuel 

Blend 

Type- II Jet-A 

Fuel Fuel 

9U4i. 

Fuel 

1514.8 

1.513.2 


April -1977 (Pan Am) 
April. 1977 (P&WA) 
March 1978 (P&WA) 

1510.4 

1506.-5 

1509.7_ 

1507.8 

1508.5 


* Conducted prior to the current program. 

,e .u 1 n 7 c anH 1 Q77 calibrations indicates that a 

Comparison of the 1975 and 9 meter The magnitude of the_ 

sIgMf leant, shift hjl, IP faUd Pan American, 

shift ranged from -0.29 percent the 1977 F&UA 

calibration, to -0.55 Tn«truments calibration. The shift 

?S’;rIv^aT?PG‘Vr';;ur^^^^ r*oJ?irpo^rgincraease m the fuel 

fl ow -measurements jwith this meter. 

comparison of the - 1977 Pf" rbl“%lV pTce “'0?' «a°d?ng^''ln' 1 te 
ragrCpt"^:aY^/T^ «« ctl-lbr.a?fons 1 nd1 cated a shift of 
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+0.21 percent of reading using 9041 fuel. These 1978 results- were 
closer to the 1977 Pan American, results, +0.09 peracent of r.fiad1ng o.n_ 
the average. 

Differences can exist between the Pan American and Pratt & Whitney. 
Aircraft calibrations due to the calibration standards and techniques — 
employed. Pratt & Whitney Aircraft employs a Cox reference flow meter 
In series with the working meter. The. calibration accuracy for this 
technique Is +0.1 percent of reading. The. Cox .Instruments Calibrator 
employed by Pan American has a specified accuracy of +0.15 percent of 
reading. Evaluation of the Pan American calibrations Indicates that- 
there Is more scatter In the data, +0.5 percent of reading over the 
120 to 1200 CPS range, than Is evident In the P&WA calibrations. The 
larger scatter probably Is related to the calibration techniques and _. 
could result. In variations In the average CPG value between 
calibrations. . 

Table D-V presents a summary of the fuel flow meter calibration 
results. .. 

0.4 UNCERTAINTIES OF MEASUREMENTS .AT PAN AMERLCAN.TEST STAND 

The development of the measurement uncertainties for the Pan-American 
test, stand relied upon the periodic on-^stand instrument calibrations 
and the laboratory calibrations at Pratt & Whitney Aircraft. The . 

disadvantage of calibrations of .these types is that Instrument- errors 
can be determined only over long time intervals. Even if the 

calibrations were conducted in detail, recording all pertinent data, _ 
short-term errors which could occur between cal ibraions would ..not be. 
identifiable unless they were of extreme * magnitudes. It is the 
short-term errors which influence the performance measurements for 
engines passed through the test stand between~calibrat1 on intervals, 
the analyses of the instrument calibrations can provide an estimate of 
the error -bounds possible but cannot account for short-term excursions 
beypnd those bounds. 

The available Pan American data, specifically the on-stand 
calibrations, were, not generally recorded in detail. The instruments 
were not adjusted if they fell within the Pratt & Whitney Aircraft 
T.I.S. tolerances;, when the dev.1at1ons relative to the calibration 
standard were not recorded, the. long-term uncertainties were assumed, 
based , on the calibration tolerances. Where actual, calibration data 
were available, the uncertainties were calculated. Another problem Is 
related to. the measurement of as-is errors before the- instruments are 
adjusted to the prescribed tolerances. The as-is errors provide an 
1 ndi cation . of how much drift has occurred since the last calibration 
date. Not recording the as-is errors eliminates information that_Js 
useful In assessing the total measurement uncertainties. 
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TABLE D-V 



CPS Aug 1975 Nov 1975 


120 

1519..9 

1514.0 

1504.3 

1507.2 

1509.6 

1512.9. 

1509.4 

180 

1514.3 

1511.1 

1509.9 

1505.8 

1508.4 

1511.2. 

1508.-2 

240. 

1513. 5 . 

- 1512.6 

1506.8 

1504.7 

1507.2 

1509.3 

1507.0 

360 . 

1513.1 

1513.0 - 

1512.2 

1505.2 . 

1507.1 

1508.6 

1507.4 _ 

480. 

1513.9 

1512.9 

1510.4 

1506. ,3 

1508.3 

1508.4 

1508.3- 

600 

1514.3 

1513.2 , 

1512.2. 

1506.9 

1509.2 

1508.6. 

1508.9- 

900. 

1515. L 

1514.1 

1515.3 

1507.8 . 

1509.2 

1509.3 

1509.3 

1200 

.1514.3 

1514.9 

1512.0 

1508.1 

1509.4 

1509.4 

1509.5 

Average 
CPG- 1514.8 

_ 1513.2 

1510.4 

1506.5 

1507.8 

-1509.7 

1508.5 


To develop the statistical estimates of the Pan American uncertainties, ji 

the calibration performed in June 1978. was included in the analysis. Since. il 

no data were recorded, an estimate of the probable calibration .error was . I 

made by calculating the m ean of the three calibrations where data were ' 
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recoraded and employing that value as the Juno 1978 error for each 
instninent. This method will not alter the final bias error, but it will 
provide an estimate of the possible preci si on_ error over four call brai on 
intervals . , 

Bias error terms were calculated by summing the observed calibration 
errors and the . calibration tolerances, where necessary. Over the four 
on-stand calibrations to produce an average bias for each parameter, as 
defined by Equation (1). Standard deviations were calculated using the 
calibration errors and calibration tolerances according to Equation (2). 
In order to obtain a precision error estimate at the -95 percent confidence 
level, the results fran Equation (2) were, multi pi ied by the t-statistic 
for a two-sided estimate (t.975) based on the degrees cf freedom involved. 


For • this analysis, the 
ca1ibra.ti ons. (4) minus one. 

degrees . of 

.freedom 

equal 1 ed 

the number 

average bias (x) 

II 

(Xj) 

n 


Equation (1) 

standacd_de.viat1on (s) 

i = 1. 
n 

■ E' 

(xi - 

n - 

"I 

Equati on (2) 


1 .= 1 



- 

where: n - number -of on-stand calibrations., and 




,cal ibrati on error (observed error or tol erance) 


The total uncertainty for each parameter -is the arithmetic sin of the 
average bi.as and precision errors. Ine uncertainties for the-measured 
parameters are then: , x + ts, where t is the t. 975. statistic for the. 
degrees of' freedom involved,. (For- four, stand calibrations, the t 
statis-tic for_n.- 1 = 3 degrees of freedom is 3.182.) 

The. Pan American uncertainties are presented in the- following 
sections. Calibrations where no data were recorded are so indicated. 
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D.2.1 Pressures 



May 

Feb. 

June+ — 

- Jan. 

Uncertainty 

Parameter 

1977 _ 

1978 

1978 

1979 

Bias 

Preci si oh 

P breather (0 - 40''HgG) 

-0.44 

•K3.41 

-0.027 

-0.05 

-0.027 

+1.10 

Pt7 (0 - 100 "HgA) 

-0.08 . 

-0.05 

-0.07 

+0. 11 

-0.07 

+0.28 

Pt3 (0 - 100"HgA) 

-0.11 

-0.10 

-0.17 

-0.31 

-0.17 

53.31 

Ps3 (0 - 70''HgA) 

-0.02 

0.00 

0.00 

+0.02 

0.00 

+0.052 

Ps5. (0 1000"HgG) 

-0.55 

+2.00 

■KD.81 

+1.00 . 

+0.81 . 

?3.34 

Ps4 (0 - 1000 "HgG.) 

-o.sa. 

+1.00 

+0.40 

+1.00 

+0.40 

+2.70 

Barometer (26 - 31.5''HgA) 

-Q..015 

o 

• 

o 

1 

-0.015 

-0.02 

-0.015 

+0.01.3 


* No. data recorded. The estimated error is the 


mean of the three remaining cal-lbr at ions where 
data were available. 


D4.2 Temperatures 



- 




May 

Feb.. 

June* 

Jan. 

Uncertainty 

Parameter 

1977 

1978 

1978 

1979 

Bias Precision 

Tt3, Tt4, Tt6, Tt7 (OC) 

-3 

+1 

+1.33 

+6. 

+1.33 +11.7 

Tt2 (OC) 

+1 

+2 

+1.33 

+1 

+1.33 +1..5, 


* No 

data were 

recorded. 

The 

June 1978 error 


is 

the mean 

of the three available. 


calibration errors. 

The high precision .error of the-Tt3^ Tt4, Tt6, Tt7 temperature system is 
due primarily to. the. +6^0 error exhibited during the- January 1979 
calibration. The error was a zero shift, that is, a. constant error from. 0 
to 1300OC. However, the temperature system was calibrated for a Rolls 
Royce RB211 engine correlation program in December 1978,, and, although the 
data were not supplied to Pratt & Whitney Aircraft, it was. indicated that 
the system was within +loc at that time. The zero shift thus occurred 
within one month and sTiould have affected relatively few engines. The 
precision error of about +120G is therefor.e_a pessimistic estimate of 
the systems performance. Using only the May 1977 error, based on the 
average of the two available calibrations, the errorS_for the Tt3, Tt4, 
Tt6, ^ind Tt7 measurements would -be.: 

Bias = -20C 
Precision = -i4.30C 
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D4.3 Thrust . 

the thrust uncertainties were derived from the-resuUs of- the on-stand 
calibrations of the working thrust system and laboratory, calibrations 
of the master thrust system. The on-stand calibrations Indicate the 
deviation of the working system from the master, and the laboratory 
calibrations Indicate the deviation of the master from a reference - 
standard. The thrust system calibrations are analyzed separately, and 


the resulting bias , and precision 
total thrust uncertainty. 

error 

terms are 

combi ned 

to yield the 

Thrust 

May 

Feb. 

June 

Dec. 

Uncertai nty 

System 

1977 

1978 

1978 

1978 

Bias Precision 

Working System (lb) 

-60 

-30 

-50 

-50, 

-48 ~H0 



June 

March , 

Jan. 

Uncertai nty 



1977 

1978 

1979 

Bias Precision 

Master System (lb) 


+30 

-7. 

+34 

+19 _„+99 

Uncertai nty 


Bias 

Precisi on 

Total 

Total -Thrust Measurement 
Error (IbJ 


29 

+107 


+136 


The total uncertainty also contains an additional +5 lb precision error 
due to the resolution of the thrust system, indicator. 

The uncertainties were calculated based on the -average errors recorded 
duri ng each cal ibrati on period. .Also, the precision error of tbemaster 
system was calculated using a t.975 statistic of 4.30 bacause only 
three. cal ibrati ons , (degrees of freedom = 2), were involved. 

D4.4 Speeds 

The on-stand calibrations performed on the N1 anil N2 speed counters 
have consistently shown them to be -within +1 rpm of the input 
calibration signals. Based on the specifications for the Leeds and 
Nort hr up frequency generator used for calibrations, the Hewlett Packard 
Model 5214L counter, and the engine rpm transmitters,, a more neal-istic-. 
estimate of the speed uncertainties would be; 
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I ristrument 

. ,N1 Speed 

N2 

Speed 

Leeds and NOrthrup 

* Q j rreci Si On 

Bias 

Krecisfon 

Generator (rpm) 

Hewlett Packard Counter (rpm) 
Speed Transmitters (rpm)_ 

+1 

+1 

+1 
+6 ■ 


Total (rpm) 

~?r* IT . 


IT 


* and precision errors are each determined by the 

root- sum- square (RSS) approach. • neu oy tne 


?’ 9 itec 8151 counters. 

specifications for these units Jiave been received. 

D4.5 Fuel FI ow 


and no accuracy 


EfrfK S3 rSlS- sSi 
E3XS“"“ — SS 

meters- did identify a 0 55 

s1?!^r"Lrter*^%S”iiatri? L^d 

vlrT^U^?^ 

MlrfcaT M observations of the Pan 

can fuel flow system, _ the estimated uncertainfv in •fnoi -pi 
measurements is as_fol lows: uncertainty in fuel flow- 


Working Meter {% Reading) 
Pan American Cox 

Bias 

+0.10; 

Precision 

+0.25 

Calibrator {% Reading) 
Specific Gravity {% Reading) 

iP-15 


Total (?o Reading) 

+0J8 

+0.28- 

Total Uncertainty (% Reading) 

= 5). 46 



162 


The error contribution of the frequency counter Is assumed to. be 
negligible. 

The-fuel flew uncertainty, as. compared to the other parameters, was not 
developed f ran calibration data. Only two calibrations per meter were 
performed at Pratt & Whitney Aircraft which was not considered to be 
adequate for- development, of rigorous statistical conclusions. However, 
even considering the differences between Pan American and Pratt & 
Whitney Aircraft In calibration techniques and fuel- types, the results, 
were In good agreement. Therefore,, the fuel f 1 ow uncertal ntl es were 
based on Pan Amerixan's ability to calibrate and utilize their fuel 
f 1 ow system. 

04.6 Parameter Total Uncertainties 

Table 3.2- L Is a summary of the total uncertainties derived, for each 
performance parameter. The total uncertainties for the Tt3, Tt4, Tt6, 
and Tt7. measurements... of +6 to +1 3^0 reflects the error' contribution 
of. the January 1979 calfBratlon of S^C. The laver uncertainty does 
not. include that 6^C error, and the higher uncertainty jlojsis Include 
that error. . 

04. 7 Comments 

The uncertainties quoted In Section 3.2.4 are basecLon the calibration 
data acquired from the Pan American test stand over_a period of 
approximately two years- As such, the uncertal ntixs In. this document 
should not be. compared to. those in the report on the historical data, 
analyses, CR-135448 (Ref. 1), of the JT9D. Jet Engine Diagnostic's 
Program which utilized Instrunent specifications as estimates for the 
measurement uncertainties. One test stand instrument calibration was 
available for those- historical studies, but. It was not used to. estimate 
the total uncertainties. The uncertainties presented, in this document.. 
re present the. long-tenn bias and precision, errors exhibited by the Pan 
American instrumentation. They are Intended to. provide realistic error 
bounds for. estimating the most probable- error of a given parameter at 
any, point In time with 95 percent confidence. 








APPENDIX E. 

QUALITY ASSURANCE 

Individual and joint Pan American and Pratt & Whitney Aircraft quality 
assurance programs -provided the policy and methodology for achieving 
validity in all the data gathering efforts in this, in-service engine 
performance deterioration .study,. These programs included .correlation 
of the Pan American test stand, calibration, of performance 
i nstrumentatlon,. and measurement of assembled gas-path clearances. 

Pan Ameri can. standard procedures were used for the followin g tasks; 

0 Recording of flight. performance data; 

0 Calibrati.on of installed aircraft instrumentation; 

0 Measuring and recording data relevant..to engine repairs at the Pan 
American Jet Center including: part and module histories; part, 
module, and engine repair; part replacement; and pertinent engine 
buildriup dimensions and clearances. 

These procedures are all part of the Federal Aviation AdmiiLi strati on 
(FAA) approved Pan. American Maintenance Program. 

Pratt & Whitney Aircraft standard quality assurance programs were used, 
for the following tasks: 

0 Measuring and recording, engine initial, production performance 
levels; 

0 Measuring and recording data relevent to. engine repairs at Pratt. & 
Whitney Aircr.aft including: part, module, and engine repair; p.art 
replacement; and pertlent engine build-up. dimensions and 
clearances; 

0 The Plug-In Console (PIC.) installed engine performance measurement 
system and the periodic calibration of all components of this 
system (the PIC data components were calibrated to instnment 
standards-.six...times over the period of this .program);. _ 

0 Correction of Engine Condition Monitoring (ECM) data to 
standardized, values of. change in performance. 

0 Reduction of in-fl i.ght . cal i brat ion . data to a standard set of 
conditions. 


t^RECEDING PAGE BLANK NOT F(LMED 
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American jointly conducted measurement 
this ^program* o 1 ^ systems In the following areas that were, unique to 

0 ^libration of the expanded test stand Instrumentation (three sets: 
calibrations of the Pan American test stand were .conducted 
durJng the. period of this program); 

° Back-to-back (Pratt & Whitney Aircraft, Middletown/Pan American 
Jet Center) engine testing to establish corrections between the 
different test stands used In the program (Test Stand Correlation 

T 6S ui riQ ) • 

''*!!! 4®^ quality assurance procedures were used to 
obtain high quality input data requlred.to detect the changes In .engine 
and-engi ne-.module performance. with usage. 
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APPENDIX F 

ACRON.YMS AND SYMBOLS 


ACRONYMS (Organizations) 

AA 

American Airlines * 

BCAC . 

Boeing Commercial Airplane £jompany 

DAC - 

Douglas Aircraft Company 

NASA 

National Aeronautics and Space Admini strati 

NW- 

Northwest Airlines 

PA 

Pan American World Airways. 

P&WA . 

Pratt & Whitney Aircraft 

TBC 

The Boeing Company 

TW 

Trans World Airlines 

UA 

United Airlines 

SYMBOLS 


A 

Area (square feet) 

ASG 

Axial skewed groove 

ATM 

Assumed temperature method 

BLH . . 

Baldwin Lima Hamilton (thrust cell) 

BPR 

Bypass ratio. 

CDX 

Control differential transformer 

CPG _ 

Cycles per -gal Ion 

ECM 

Engine condition monitoring. 

Eff 

Efficiency (percent) 

EGT 

Exhaust gas temperature (°C) 

EPR- 

Engine pressure ratio 

F ■ 

Engine thrust. -(pounds). 

FC 

Flow capacity 

FOD 

F orei gn obj ect damage 

FP 

Flow par^eter 

HPG . 

High-pressure compressor 

HPT 

H i gh- press ure t ur bi ne 

IAS 

Inner air seal 

ID 

Inside diameter 

K 

Kilo (103) 

LE' 

Leading edge 

LHV 

Lower heating value 

LPC 

Low-pressure compressor 

LPT 

Low-pressure turbine 

Mn 

Mach number . — 


SYMBOLS (Cont'd.^ 


Mod . 

N 

NASTRAN 

NCA 

NGV 

OAS 

OD 

P 

PIC- 

PLA 

PR 

QEC 

SLS 

SP 

T 

TE 

TIS 

T/0 

TOBI 

TOGW 

TSFC - 
TSR 
W- 
W 

WC 

A 

5 

V 

6 
M 


Modification 
Rotor spedd (rpm) 

NAsa STRuctura l AN a lysis 
Nozzle equivalent (flow) 
Nozzle guide vane 


computer 

area 


program 


Outer air seal. 

Outside diameter 
Pressure (lb/ in2) (psia) 

Plug-In Console (test system). 

Power lever angle (de 5 rees) 

Pressure ratio 

Quick engine cliange (built-up engine/nacelle) 
Sea level static 

Special Performance (Boeing 747SP airplane) 
Temp.erature (op) (OCJ. 

TraiJing edge 

Test. Ijiformati on. Sheets 

Take-off 

Tangential onboard injection system 
Take-off gross weight (pounds) 

Thrust specific fuel consunpti on (Ib/hr-lb) 
Time since repair 
Mass flow (ibm/sec) 

F 1 ow rete . (f4jel ). (pounds/hour) (%) 

F low-capacity 

Vane angle. (degree) 

Change 

Pres s ur e carrecticn ..(in. „H.g/29 . 92 ) 

Efficiency (percent) 

Temperature correction (OR/,519.) 

Micro (10*6) 


SUBSCRIPTS * 

Undisturbed inlet (pressure and temperatures) 
Low-pressure rotor (rotcr. speeds) 

Fan inlet (pressures, and temperatures). 
High-pressure rOtOr (rotor speedsjL. 

Fan. blade discharge 

* For simplicity, subscripts, may be written "on the 
line" Of type, especially in text. 


1 

2 

2 

2.4 


CJ1 -p* to no 


SUBSCRIPTS (Cont'd.) * 


.6 


7 

amb 

b 

bar 
F. f. 
JE 

N, n 
s 

T, t 


Fan -exit guide vane discharge 
LPC discharge . 

HPC dlschajige 
HPT Inlet 
HPT discharge 

LPT discharge 
tobl ent 
Burner 
Barometric 
Fuel 

Jet (primary stream) 

Net 

Statio 

Stagnation (total) 

* For simplicity, subscripts may, be written "on the line" 
of type, especially 1n text. 
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